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— ^  The  tactical  effectiveness  of  military  electro-optical  devices  such  as  the 
forward  looking  Infrared  or  high  energy  laser  (HEL)  systems  requires  a  knowledge 
of  the  extinction  (absorption  and  scattering)  by  the  intervening  atmosphere.  In 
the  case  of  intentionally  produced  obscurants  such  as  smokes,  a  quantitative 
assessment  of  these  effects  generally  requiree  knowledge  of  the  else 
distribution  and  concentration  of  the  particles.  A  relation  between  the 
radiative  properties  of  smoke  particles  and  their  mass  content;  even  if  it  is  an 
approximate  one,  would  reduce  the  complexity  of  this  assessment.  One  would  then- 
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20.  ABSTRACT  (cont) 

only  need  to  know  the  special  distribution  of  the  mass  content  of  the  smoke 
particles  rather  than  the  details  of  their  particle  size  distributions  and 
number  concentrations.  In  this  report>  a  linear  relation,  independent  of 
particle  size  distribution,  between  aerosol  volume  extinction  coefficient  and 
mass  content  is  derived  and  applied  to  several  military  smokes:  solutions  of 
orthophosphoric  acid  in  water,  zinc  chloride  in  water  (HC  smoke),  diesel  fuel, 
fog  oil,  and  sulfuric  acid  smoke.  Comparison  of  the  theoretical  extinction-mass 
relation  with  infrared  (IR)  transmission  measurements  of  Milham  (1976),  Milham 
et  al  (1977),  and  Carlon  et  al  (1977)  shows  good  agreement  (generally  within  30 
percent)  between  theory  and  measurement  for  the  highly  absorbing  phosphoric  acid 
and  sulfuric  acid  smokes,  but  only  fair-to-poor  agreement  (up  to  factors  of  2.5 
to  10  differences)  for  weakly  absorbing  HC  and  fog  oil  smokes.^;  Relationships 
between  smoke  aerosol  volume  absorption  coefficient  and  aerosol  mass  and  between 
aerosol  volume  backscatter  coefficient  and  mass  are  also  derived.  The 

relationships  are  valid  only  at  particular  wavelengths  that  depend  on  the 
aerosol  refractive  index  and  on  the  range  of  particle  sizes  present  in  a 
particular  polydispersion.  Several  applications  are  suggested:  (1)  prediction 
of  IR  (and  in  some  cases  visible)  extinction  coefficient  from  knowledge  of  smoke 
cloud  mass  content;  or,  conversely  (2)  inference  of  path-integrated  smoke  mass 
content  from  an  IR  laser  transmission  measurement  through  the  smoke  cloud;  (3) 
determination  of  smoke  mass  content  at  a  particular  point  in  a  smoke  cloud  from 
a  smoke  aerosol  absorption  measurement  with  an  IR  laser  spectrophone;  (4) 
determination  of  smoke  backscatter  coefficient  from  knowledge  of  smoke  mass 
content;  (5)  inference  of  extinction  at  one  IR  wavelength  from  knowledge  of  that 
at  another  IR  wavelength;  and  (6)  prediction  of  phosphoric  acid  and  HC  smoke 
extinction  coefficient  as  a  function  of  atmospheric  relative  humidity  from 
knowledge  of  smoke  mass  expenditure. 
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INTRODUCTION 


During  the  last  decade,  a  number  of  scientists1-*  have  investigated 
possible  relationships  between  extinction  (or  atmospheric  visibility) 
and  mass  content  of  atmospheric  aerosols.  In  general,  these  investiga¬ 
tions  indicate  that  there  is  no  unique  relation  between  extinction  and 
aerosol  mass  although  an  approximate  proportionality  may  exist  for 
specific  locations  or  aerosol  type. 

However,  smoke  particles  are  distinctly  different  from  natural  aerosol 
particles  in  three  respects:  they  are  generally  smaller,  more  nearly 
homogeneous,  and  generally  spherical  in  shape.  These  three  properties 
enable  us  to  derive  a  unique  relation,  independent  of  the  particle  size 
distribution,  between  the  IR  (and  in  some  cases  visible)  extinction 
coefficient  and  mass  concentration  for  phosphoric  acid,  HC,  petroleum 
oil,  and  sulfuric  acid  smokes.  These  extinction-mass  relationships  are 
extended  to  relations  between  aerosol  absorption  coefficient  and  mass 
content,  and  between  aerosol  backscatter  coefficient  and  mass  content. 

Our  results  have  considerable  practical  application.  They  suggest  that 
knowledge  of  smoke  mass  content  implies  knowledge  of  IR  (and  in  some 
cases  visible)  extinction  coefficient.  Alternatively,  smoke  mass  con¬ 
tent  could  be  inferred  from  IR  transmission  measurements,  IR  spectro- 
phone  absorption  measurements,  or  visible-wavelength  lidar  backscatter 
measurements. 

EXTINCTION,  ABSORPTION,  BACKSCATTER,  AND  MASS  CONTENT  OF  SMOKES 

Consider  a  polydispersion  of  spherical  smoke  particles  characterized  by 
a  size  distribution  n(r).  We  want  to  derive  relationships  between  the 
aerosol  extinction  and  absorption  coefficients  oe  and  a&,  the  backscat¬ 
ter  coefficient  0^,  and  the  aerosol  mass  content  M  given  by 


lR.  J.  Charlson,  N.  C.  Ahlquist,  and  H.  Horvath,  1968,  On  the  Generality 
of  Correlation  .  of  Atmospheric  Mass  Concentration  and  Light  Scatter, 
Atmos  Environ,  2:455-464 

*K.  E.  Noll,  P.  K.  Mueller,  and  M.  Imada,  1968,  Visibility  and  Aerosol 
Concentration  in  Urban  Air,  Atmos  Environ,  2:465-475 

*M.  J.  Pilat  and  D.  S.  Ensor,  1970,  Plume  Opacity  and  Particulate  Mass 
Concentration,  Atmos  Environ,  4:163-173 

*E.  M.  Patterson  and  D.  A.  Gillette,  1977,  Measurements  of  Visibility  vs 
Mass-Concentration  for  Airborne  Soil  Particles,  Atmos  Environ,  11:193- 
196 


(1) 


°e  ■  J*  wt  *Qe(m,x)n(t)dr  , 
aa  -  J  wi  2Qa(m,x)n(i  )dt  , 


(2) 


°bs  =  Tw  J  *i2G(m»x)n(I>dl  > 


(3) 


M  =*  p  J  ~  7ri3n(i  )di  , 


(4) 


uhete  p  is  the  smoke  aeiosol  density,  Qg  (m,x)  and  Qa  (m,x)  ate  the 
efficiency  factors  fot  extinction  and  absotption  fot  a  particle  with 
refractive  index  m  and  size  parameter  x  =  2irt/X,  and  G  (m,x)  is  the 
backscatter  efficiency  (or  gain)  defined  as  the  ratio  of  the  backscatter 
cross  section  to  the  geomettic  area.  These  efficiency  factors  multi¬ 
plied  by  in2  give  the  corresponding  single-particle  cross  sections.  In 
general  the  extinction,  absorption,  and  backscattet  efficiencies  ate 
rather  complicated  functions  of  particle  size,  teftactive  index,  and 
wavelength. 

Examples  of  the  behavior  of  the  efficiency  factors  fot  extinction  (for 
33  percent  sulfuric  acid  in  water  at  wavelengths  X  »  0.55pm,  9.5pm), 
absorption  (for  38  percent  sulfuric  acid  at  X  *  10.6pm),  and  backscat¬ 
tet  ing  (fot  75  percent  sulfuric  acid  at  X  *  0.694pm)  ate  shown  in  fig¬ 
ures  1  through  4.  Numerous  other  examples  fot  other  smokes  and  other 
wavelengths  ate  given  in  the  appendix,  figures  A-l  through  A-10. 


Fot  particles  large  compared  to  the  wavelength  (x  >>  1),  Qg  *2  and 


-  1  - 


m  -  1 


as  shown  by  Chylek; *  for  small  particles  (x  <<  1), 


a  *  Im  +  ll 

more  complicated  expressions  can  be  worked  out  fot  Qg  and  Qg 
(Penndotf).*  Fot  particles  having  sizes  outside  the  large  particle 
asymptotic  tegion  and  the  Rayleigh  region,  the  rigorous  Hie  theory  must 


’Petr  Chylek,  1975,  Asymptotic  Limits  of  the  Mie-Scatteting 
Characteristics,  J  Opt  Soc  Aaet ,  65:1316-1318 


*R.  B.  Penndotf,  1962,  Scattering  and  Extinction  Coefficients  fot  Small 
Sphetical  Aerosols,  J  Atmos  Scl,  19:193 
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SIZE  PARAMETER  X 

Figure  1.  Efficiency  factor  for  extinction  Qg  for  38  percent  sulfuric 
acid  (62  percent  water)  droplets  at  a  wavelength  X  -  0.55um 
(index  of  refraction  m  1.394-Oi)  and  its  approximation  by 
a  straight  line  Qe  (x)  «  cx  for  x  ix^.  The  approximation 
overestimates  the  exact  value  of  Qe  at  small  size  parameters 
x,  and  underestimates  it  at  larger  x  (still  with  x  ix„). 
These  two  errors  tend  to  cancel  out  in  the  evaluation  of  the 
integral  in  equation  (1). 


As  in  figure  1  except  for  X  -  9.5um.  Due  to  the  large 
imaginary  index  at  this  wavelength  (m  ”  1.46-0.381)  the 
character  of  the  Qe(x)  curve  differs  markedly  from  that  at  X 
-  0.55  ua.  The  Qe(x)  curve  again  lends  itself  to 

approximation  by  a  straight  line  Q€(x)  *  cx  for  x  <  x_,  in 
this  case  more  accurately  than  the  (^(r)  curve  in  figure 
1.  As  in  figure  1,  the  approximation  overestimates  the 
exact  value  of  Q_  for  some  size  parameters  x,  but 
underestimates  it  for  others  (with  x  <  xa)  leading  to 
cancellation  of  theee  errors  In  the  evaluation  of  the 
integral  in  equation  1.  However,  since  the  approximation  is 
so  good  for  all  else  parameters  x  <  x,  it  is  not  necessary 
for  particles  6f  a  polydispersion  to  have  size  parameters  x 
throughout  the  range  o  <  x  <  x_  for  the  linear  relation  (5) 
to  be  fairly  accurate,  as  cancellation  of  errors  is  not  so 
Important  (as  it  Is  at  X  «  OvSSvm). 


Bimiifitf 


o 


Figure  3.  As  in  figute  2  except  fot  the  efficiency  factor  for 
absorption  at  X  -  10.6un  (refractive  index  of  38  percent 
sulfutic  acid  at  this  wavelength  is  taken  to  be  m  = 
1.48-0.171).  The  Qa(x)  curve  can  be  well  approximated  by  a 
straight  line  Qa(x)  =  c'x  for  x  <  leading  to  the 

size-distr ibution-independent  linear  relation  between 
aerosol  absorption  coefficient  and  mass  content  according  to 
equation  (6). 
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Figure  4.  Normalized  backscatter  gain  G  for  75  percent  sulfuric  acid 
droplets  at  the  ruby  laser  wavelength  X  »  0.694ms  (■  » 
1.428-2  x  10_81)  and  its  approximation  by  a  straight  line 
G(x)  “  c"x  for  x  <  x^.  The  approximation  overestimates  the 
exact  value  of  g  at  some  size  parameters  x,  but 
underestimates  it  at  others  (still  with  x  <  x_).  These  two 
errors  tend  to  cancel  out  in  the  evaluation  or  the  integral 
in  equation  (3).  For  backscatter  this  cancellation  of  error 
is  particularly  important  (as  compared  to  extinction  and 
absorption  in  figures  1  through  3)  because  for  some  size 
pametars  (for  example  x  ■  8)  the  value  of  G  "  c"  x  differs 
considerably  from  the  exact  value.  However,  we  do  not 
necessarily  have  to  have  particles  with  radii  throughout  the 
entire  range  o  <  x  <  x,  for  eascellatlon  of  errors  to  occur. 


10 
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genet  ally  be  used.  However,  we  propose  to  approximate  the  efficiency 
factors  Qe(x) ,  Qa(x),  and  G(x)  for  particles  having  radii  less  than  some 
maximum  value  tm  (there  rffl  -  x^X/210  by  linear  functions  of  particle 
size  parameter  Qe  ■  cx,  Q„  *  c  x,  and  G  **  c"x  as  shown  in  figures  1 
through  4  and  A-l  through  A-10.  The  parameters  c,  c' ,  and  c”  are  then 
functions  only  of  particle  refractive  index  which  is,  in  turn,  a  func¬ 
tion  of  material  composition  and  wavelength.  This  approximation  proce¬ 
dure  was  originally  used  by  Chylek7  for  atmospheric  cloud  and  fog 
droplets.  The  consequence  of  utilizing  these  simple  linear 
approximations  for  the  Mie  efficiency  factors  in  the  expressions  fot 
aerosol  extinction,  absorption,  and  backscattet  coefficients  given  by 
equations  (1)  through  (3)  are  far  teaching.  This  is  because  these 
expressions  now  contain  the  integral  JT  r^n(t)dt,  and  thus  the 
coefficients  become  proportional  to  aerosol  mass  and  independent  of  the 
particle  size  distribution  n(r): 


_  .  las.  M 

°e  2Xp  M  * 


_  „  3  ire" 

°a  2Xp  M  * 


3c” 

°bs-  8xFM  • 


(5) 


(6) 


(7) 


where  c(  X),  c'(X),  and  c"(  X)  are  the  slopes  of  the  straight  lines  ap¬ 
proximating  the  Mie  efficiency  factors  as  in  figures  1  through  4  and  A-l 
through  A-10.  If  the  refractive  index  m(X)  is  a  slowly  varying  function 
of  wavelength,  then  we  might  expect  c(X),  c'(X),  and  c”(X)  to  be  slowly 
varying  functions  of  wavelength  leading  to  the  extinction,  absorption, 
and  backscattet  coefficients  o_,  a. ,  and  Ov  _  being  ptoportional  to 
1/X.*»» 


7Petr  Chylek,  1978,  Extinction  and  Liquid  Mater  Content  of  Fogs  and 
Clouds,  J  Atmos  Scl,  35:296-300 

*R.  G.  Pinnick,  0.  L.  Hoihjelle,  G.  Fernandez ,  E.  B.  Steraatk,  J.  D. 
Lindbetg,  S.  G.  Jennings,  and  G.  B.  Hoidale,  1978,  Vettical  Structure  in 
Atmospheric  Fog  and  Raze  and  Its  Effects  on  IR  and  Visible  Extinction,  J 
Atmos  Scl,  35:2020-2032 

"Petr  Chylek,  J.  T*  Kiehl,  and  M.  ft.  w.  Ko,  1979,  Infrated  Extinction 
and  the  Mass  Concentration  of  Atmospheric  Aerosols,  Atmos  Environ, 
13:169-173 


The  equation  (5)  relating  aerosol  extinction  coefficient  and  mass  con¬ 
tent  is  distinctly  different  from  that  of  Box  and  McKellar1*  who  derived 
a  relation  between  spectrally  integrated  aerosol  optical  depth  and 
columnar  mass  content.  The  primary  distinction  is  that  Box  and 
McKellar' s  result  is  integrated  over  all  wavelengths,  whereas  our 
expression  (5)  holds  at  a  particular  wavelength.  Also,  Box  and  McKellar 
do  not  approximate  the  extinction  efficiency  factor  by  a  linear  function 
of  size  parameter. 

It  might  be  argued  that  in  some  cases  approximating  the  extinction 
efficiency  factor  Qg  (figure  1)  and  the  backscatter  gain  G  (figure  4) 
with  linear  functions  of  particle  size  parameter  might  be  rather  precar¬ 
ious.  However,  note  in  these  cases  that  for  some  values  of  x  <  Xj,,  the 
Qe  =  cx  (or  G  =  c"x)  approximation  overestimates  the  exact  Mie  result, 
while  for  other  values  of  x  <  xm  the  opposite  is  true.  These  approxima¬ 
tions  are  more  accurate  if  size  distributions  of  particles  have  a  range 
of  size  parameters  throughout  much  of  the  regime  o  <  x  <  ^  so  that 
cancellation  of  errors  in  evaluation  of  the  integrals  in  equations  (1) 
and  (3)  can  occur.  Chance  of  cancellation  is  particularly  important  in 
backscattering,  where  differences  between  the  approximation  and  the 
exact  Mie  result  are  sometimes  large. 

Keeping  in  mind  the  cancellation-of -error  factor,  we  have  carried  out 
the  procedure  of  approximating  the  extinction,  absorption,  and  backscat¬ 
ter  efficiency  factors  for  phosphoric  acid,  HC,  diesel  oil,  fog  oil,  and 
FS  smokes  at  selected  visible  and  IR  wavelengths.  Concentrations  of  20, 
50,  65,  and  85  percent  orthophosphoric  acid  in  water;  20,  65,  50,  40, 
and  75  percent  zinc  chloride  in  water  (HC  smoke);  and  38,  75  percent 
sulfuric  acid  in  water  (FS  smoke)  were  used  in  the  calculations.  The 
indexes  of  refraction  for  the  orthophosphoric  acid  and  zinc  chloride 
solutions  were  measured  by  Querry  and  Tyler11  and  provided  by  M.  E. 
Milham  of  the  Chemical  Systems  Laboratory.*  The  index  values  for  fuel 
and  petroleum  oils  were  taken  from  Conner  and  Hodkinson12  and  Hale  et 
al;15  those  for  the  sulfuric  acid  solutions  were  taken  from  Palmer  and 
Williams.  1  * 


1  A.  Box  and  B.  H.  J.  McKellar,  1978,  Direct  Evaluation  of  Aerosol 
Mass  Loadings  from  Multispectral  Extinction  Data,  (friart  J  Roy  Meteorol 
Soc,  104:755-781 

1  *M.  R.  Querry  and  I.  L.  Tyler,  1978,  Complex  Refractive  Indices  in  the 
Infrared  for  H3PO4  in  Water,  J  Opt  Soc  Am,  68:1404 

♦Private  communication,  1978 

1  \J.  D.  Conner  and  J.  R.  Hodkinson,  1967,  Optical  Properties  and  Visual 
Effects  of  Smoke-Stack  Plumes,  US  Department  of  Health,  Education,  and 
Welfare,  Public  Health  Service  Publication,  999-AP-30 

**G.  M.  Hale,  I.  L.  Tyler,  and  M.  R.  Querry,  1978,  Complex  Refractive 
Indices  in  the  Infrared  for  Selected  Oils  and  Alcohols,  J  Opt  Soc  Am, 
68:1403 
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The  results  fot  aerosol  extinction  and  absorption  are  summarized  in 
tables  A-l  through  A-13  in  the  appendix.  Given  for  various  wavelengths 
aie  values  of  the  slope  parameter  c  (or  c')  of  a  straight  line  approxi¬ 
mating  the  efficiency  factor  Qe(m,x)  (or  Qa[m,x])  for  x  (or  equiva¬ 

lently  fot  t  <_rm);  values  of  the  quantity  3wc/2Xp  (or  3*c'/2Xp)  which 
if  multiplied  by  the  smoke  mass  content  give  the  extinction  (or  absorp¬ 
tion)  coefficient  according  to  equations  (5)  and  (6);  and  values  of  the 
ratio  of  absorption  to  extinction  coefficients  °a/oe.  Estimates  of 
maximum  errors  in  the  values  of  3*c/2Xp  (or  3irc'/2Xp)  resulting  from 
errors  in  the  Qe  «*  cx  (ot  Qa  *  c'x)  approximation  ate  also  shown  in  the 
tables.  No  values  are  shown  when  the  estimated  errors  exceed  100  per¬ 
cent.  The  reader  should  be  cautioned  that  the  values  of  the  ratio  of 
absorption  to  extinction  coefficients  o./o  can  use<*  only  if  the 
maximum  radius  conditions  ate  satisfied  for  both  extinction  and  absorp¬ 
tion. 

Some  obvious  conclusions  drawn  from  tables  A-l  through  A-13  ate  as 
follows: 


a.  Fot  phosphoric  acid  solutions  in  water  (tables  A-l  thtough 
A-4),  the  slope  parameter  c(X)  is  a  slowly  varying  function  of  wave¬ 
length  fot  3pm  <_  X  <_5pm.  This  implies  that  the  extinction  coefficient 
should  have  1/X  wavelength  dependence  in  this  spectral  region  according 
to  equation  (5).  The  same  conclusion  applies  to  the  HC  smoke  solutions 
(tables  A-5  through  A-9)  where  the  slope  parameter  c(X)  is  even  less 
sensitive  to  wavelength  in  the  3pm  to  4pm  region.  For  the  longet  8pm  to 
12pm  wavelength  range  the  slope  parameter  c(X)  varies  by  up  to  a  factor 
3.4  fot  phosphoric  acid  solutions,  while  in  the  case  of  HC  smoke  the 
variation  is  markedly  less  (at  most  50  percent). 

b.  Phosphoric  acid  solutions  generally  have  a  much  lower  single 
scattering  albedo  than  HC  smoke  solutions.  Fot  example,  in  the  3.5pm  to 
4pm  region  the  percentage  of  scattering  to  extinction  is  at  least  90 
percent  fot  HC  solutions  as  compared  to  50  to  90  percent  fot  phosphoric 
acid  solutions. 

c.  Fot  pettoleura  oil  smokes  (tables  A-10  and  A-ll)  the  variation 
of  c(  X)  throughout  the  IR  is  small  (about  30  percent),  indicating  an 
approximate  1/X  dependence  of  extinction  coefficient;  this  is  also  the 
case  for  absorption  in  the  8pm  to  12pm  wavelength  range.  There  is, 
however,  considerable  fluctuation  in  c'(X)  (up  to  a  factor  of  about  5) 
fot  petroleum  smokes  in  the  3pm  to  5pm  region. 

d.  For  FS  smoke  of  given  mass,  38  percent  acid  is  mote  effective 
in  causing  extinction  in  the  wavelength  range  3pm  <.  X  i  5pm  than  is  75 
percent  acid,  as  can  be  seen  by  comparing  values  of  3wc/2Xp  in  tables 
A-12  and  A-13.  The  opposite  is  true  for  8pm  <.  X  .<  12pm. 

A  s  ua  maty  of  the  G  »  c"x  approximation  results  relating  moke  back  scat¬ 
ter  coefficient  to  moke  mass  content  is  presented  in  table  A-14.  Shown 
for  the  ruby  (X  ■  0.694pm)  and  neodymiun-YAG  (X  ■  1.06pm)  laser  wave¬ 
lengths  are  values  of  the  maximum  tadlus  r_»  values  of  the  slope  param¬ 
eter  e"(X),  and  values  of  the  quantity  3c*78Xp  which  if  multiplied  by 
the  smoke  mass  content  give  the  smoke  backscattet  coefficient  oj,g 
according  to  equation  (7).  Note,  howevet ,  that  consideration  of  even 
slightly  different  complex  refractive  Indexes  markedly  changes  the 
functional  form  of  the  backscattet  gain  and  hence  the  value  of  c  (X). 
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APPLICATION  TO  PHOSPHORIC  ACID, 

HC,  PETROLEUM  OIL,  AND  FS  SMOKE 

Before  we  can  have  confidence  in  applying  the  linear  relationships  (5) 
through  (7)  between  smoke  aerosol  extinction,  absorption,  backscatter, 
and  mass  content,  we  should  test  their  validity  with  existing  measure¬ 
ments  that  are  available.  Carlon  et  al,1!  Milham  et  al,1*  and  Milham17 
have  measured  the  transmission  through  phosphoric  acid,  red  phosphorus, 
HC,  petroleum  oil,  and  sulfuric  acid  smokes.  Most  measurements  were 
made  in  the  3  im  to  Sum  and  7 um  to  13um  wavelength  ranges,  although 
transmission  measurements  for  petroleum  oil  smoke  and  FS  were  made  for  \ 
=  0.36jm  to  2.35«n.  The  same  transmission  cell  was  used  for  all  of  the 
above  work  and  consisted  of  a  22  cylindrical  test  chamber  with  a 
transmission  path  L  of  3.05  m  length.  A  smoke  mass  content  measurement 
was  made  simultaneously  with  the  transmission  measurement  by  weighing 
particles  collected  onto  filters. 

The  extinction  coefficient-mass  relation  (5)  must  be  compared  cautiously 
to  measurements  of  these  quantities.  .The  reason  is  that  since  extinc¬ 
tion  coefficients  are  derived  from  transmission  measurements,  forward 
scattering  corrections  1  *»  1  *  and  multiple  scattering  corrections  should 
be  considered.  Forward  scattering  corrections  arise  from  singly  scat¬ 
tered  photons  that  enter  the  detector  along  with  the  unscattered 
(direct)  radiation  due  to  the  finite  angular  aperture  of  the  detector. 
Similarly,  multiple  scattering  corrections  arise  from  signal  contributed 
by  multiple  scattered  photons.  Both  these  effects  cause  increased 
detector  signal  and  hence  result  in  a  smaller  inferred  extinction 
coefficient  if  they  are  not  taken  into  account.  We  estimate  the  forward 
scatter  corrections  for  the  experimental  setup  used  by  Carlon  and  Milham 
to  be  not  more  than  3  percent  and  have  neglected  them;  however,  no 
attempt  was  made  to  make  quantitative  estimates  of  multiple  scatter 
corrections. 
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Appl  Opt.  17:3169-3176 


PHOSPHORIC  ACID  AND  RP  SMOKE 


The  extinction  coefficient-mass  relation  (5)  for  60  percent  phosphoric 
acid  smoke  is  compared  to  measurements  of  Milham  et  all*  in  figures  5 
and  6.  The  agreement  is  good  in  both  the  3un  to  5gm  and  Sun  to  12pm 
spectral  regions,  as  the  relation  (5)  generally  overpredicts  the  extinc¬ 
tion  to  mass  ratio  a  /M,  but  by  not  more  than  about  30  percent  [here  the 
slope  parameters  c(  X)  were  determined  by  using  refractive  indexes  for  65 
percent  phosphoric  acid  rather  than  60  percent  acid].  This  good  agree¬ 
ment  is  not  unexpected  as  the  extinction  efficiency  factors  are  well 
approximated  by  linear  functions  of  particle  size  parameter  in  the  3pm 
to  5  nn  and  8  im  to  12im  spectral  regions  (see  for  example  figures  A-l  and 
A-2)  and  the  maximum  radius  conditions  are  not  strongly  violated. 

In  contrast  to  the  phosphoric  acid  results,  comparison  of  the  relation 
(5)  to  Milham's17  measurements  on  RP  smoke  (figure  7)  shows  relatively 
poor  agreement  in  the  8 nn  to  12 un  spectral  region.  The  reason  for  the 
poor  agreement  is  that  the  burning  of  RP/WP  smokes  apparently  results  in 
production  of  an  unknown  chemical  species'*  whose  refractive  indexes 


Figure  5.  Values  of  the  ratio  of  aerosol  extinction  coefficient  to 
mass  content  predicted  according  to  the  linear  relation  (5) 
(open  circles),  and  measured  by  Mllhan  et  al  (solid  line) 
for  60  percent  phosphoric  acid  aerosol.  Since  the  parameter 
c(  X)  is  nearly  wavelength  Independent  (see  table  A-3)  the 
relation  (5)  predicts  extinction  to  have  an  approximate  1/X 
wavelength  dependence  in  the  3yra  to  5pm  spectral  region. 


1  ti.  E.  Milham,  D.  H.  Anderson,  R.  H.  Frlckel,  and  T.  L.  Tamove,  1977, 
New  Findings  on  the  Nature  of  WP/RP  Smokes,  Technical  Report  ARCSL-TR- 
77067,  US  Army  ARADC0K,  Chemical  Syatasu  Laboratory,  Aberdeen  Proving 
Ground,  MD 

1 X.  E.  Milham,  1976,  A  Catalog  of  Optical  Extinction  Data  for  Various 
Aerosols/ Smoke a,  Report  ED-SP-77002,  Edgewood  Arsenal,  Aberdeen  Proving 
Ground,  MD 


Figute  6.  Same  as  figure  5  except  for  the  7ym  to  14um  spectral 
region.  In  this  case  the  parameter  c(X)  has  considerable 
spectral  character.  The  agreement  between  measurement  and 
theory  is  within  30  percent.  ' 


Flgut e  7 . 


Ratio  of  aetosol  extinction  coefficient  to  mass  content 
predicted  according  to  linear  relation  (5)  <open  circle  ), 
and  measured  by  Milham  (.olid  and  dashed  curves)  for  Red 
Phosphorus  (R.P)  smoke  disseminated  by  burning.  The  t« 
>e„£«ent  curves  are  for  different  batches  of  mroae  *ith 
different  optical  depth,  (the  optical  depth  at  a  p*t^c"1* 
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cannot  be  approximated  by  those  of  phosphotic  acid  [which  was  assumed  in 
determination  of  c( X)  in  relation  (5)]. 


HC  Smoke 

Compared  to  the  highly  absorbing  phosphoric  acid  smoke,  little  spectral 
character  is  evident  in  the  predicted  or  measured  a  /M  values  for  HC 
smoke  (figures  8  and  9).  The  predicted  values  of  oe/M  have  approximate 
1/ X  wavelength  dependence  in  both  the  3um  to  5um  and  8pm  to  12um  re¬ 
gions,  as  the  slope  parameter  c(X)  is  only  a  slowly  varying  function  of 
wavelength.  Although  this  1/X  dependence  is  borne  out  by  the  measure¬ 
ments  in  the  3pn  to  5pn  spectral  region,  for  the  8nn  to  12pm  range  the 
measurements  show  nearly  neutral  (wavelength  independent)  extinction. 
This  markedly  different  spectral  character  for  the  predicted  and  mea¬ 
sured  extinction  in  the  8  pm  to  12pm  range  can  be  at  least  partially 
explained  on  the  basis  of  errors  in  the  Qe  •  cx  approximation.  Perusal 
of  the  Qg  versus  x  curves  (examples  of  which  ate  given  in  figure  A-5) 
suggests  that  the  relation  (5)  should  overestimate  the  value  of  o  / M 
throughout  the  8 pm  to  12pm  spectral  region  (as  the  HC  smoke  particles 
will  have  size  parameters  predominately  less  than  x  *  2  and  cancellation 
of  errors  does  not  occur)  and  the  overestimate  should  be  mote  at  X  *  8pm 
compared  to  X  *  12pm.  Thus  larger  disagreement  between  predicted  and 
measurement  results  at  X  »  8pm  compared  to  X  *  12pm.  Also,  multiple 
scatter  contributions  might  account  for  some  of  the  discrepancy  between 
the  predicted  and  measured  a&/ M  values  in  figure  9,  but  this  is  unlikely 
in  view  of  the  fact  that  the  transmission  has  the  same  spectral  depen¬ 
dence  for  two  widely  differing  optical  depths  (the  optical  depths  can  be 
determined  by  multiplying  the  oe/M  values  by  the  value  of  ML,  and  are 
about  0.14  and  1.1  for  the  solid  and  dashed  curves,  respectively). 


Fog  Oil  Smoke 

Carlon  et  al  1  5  describe  transmission  measurements  through  petroleum  oil 
smokes  generated  either  by  dropping  oil  onto  a  hot  plate,  which  results 
in  droplets  with  volume  mean  radius  of  about  1.7pm,  or  by  pyrotechnic 
generation,  which  produces  smaller  droplets  with  volume  mean  radius  of 
about  0.3pm. 


,SH.  R.  Carlon,  D.  H.  Anderson,  M.  E.  Mllham,  T.  L.  Tstnove,  R.  H. 
Ftickel,  and  X.  Sindoni,  1977,  Infrared  Extinction  Spectra  of  Some 
Common  Liquid  Aerosols,  Appl  Opt,  16s 1598-1605 


Figuie  8.  Ratio  of  aetosol  extinction  coefficient  to  mass  content 
predicted  according  to  the  Xineat  relation  (5)  (open 
circles),  and  measured  by  Milham  (solid  cutve)  for  HC  smoke 
disseminated  by  pyrotechnic.  As  for  phosphoric  acid  smoke, 
the  predicted  and  measured  extinction  has  toughly  1/ X 
wavelength  dependence  in  the  3pn  to  5pm  spectral  region. 
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Figure  9.  Same  as  figute  8  except  for  the  7pm  to  13pm  spectral 
region.  The  linear  relation  (5)  (open  citcles)  again 
predicts  a  1/ X  dependence  of  extinction;  however,  the 
measurements  show  a  slight  increase  of  extinction  with 
wavelength.  This  disagreement  between  relation  (5)  and 
measurements  is  attributed  to  inaccuracy  of  the  Q_  -  cx 
approximation  (see  text  and  figure  A-5). 
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The  transmission  measurements  for  the  larger  fog  oil  droplets  generated 
by  hot  plate  dissemination  ate  compared  to  the  prediction  (5)  in  figures 
10  and  11.  For  the  3pm  to  5pm  spectral  region  (figure  10)  the  predicted 
o  / M  values  have  roughly  1/X  wavelength  dependence  and  ate  in  agreement 
with  the  measurements  within  a  factot  2.  Note  that  the  extinction 
measurements  at  the  smallest  optical  depths  in  figure  10  (the  optical 
depths  tange  ftom  0.38  to  0.72  fot  the  solid-curve  measut ement)  ate  a 
factot  1.5  to  3  higher  than  those  for  the  larger  optical  depths  (which 
range  from  1.8  to  3.5).  Whether  this  difference  is  a  reflection  of 
multiple  scatter  contributions  to  the  transmission  signal  at  the  larger 
optical  depths  (which  would  cause  the  extinction  coefficient  to  be 
underestimated  from  the  transmission  measurement),  or  whether  it  is 
simply  a  reflection  of  the  experimental  errors  is  not  known.  For  the 
8un  to  12ua  region,  the  Qe  *  cx  approximation  (5)  overpredicts  the 
extinction  to  mass  ratio  oe/M  by  a  factor  1.2  to  4  (figute  11). 

This  over  prediction  is  even  more  serious  for  smaller  fog  oil  smoke 
particles  as  demonstrated  by  comparison  of  measured  and  predicted  oe/M 
values  in  figures  12  and  13.  These  particles  were  generated  by  pyro¬ 
technic  dissemination  and  have  correspondingly  smaller  size 
parameters.  Thus  the  usefulness  of  relation  (5)  for  fog  oil  is  only 
marginal  in  the  3  mn  to  5  pm  and  8pm  to  12pm  IR  spectral  tegions,  as  the 
Mie  extinction  efficiency  is  generally  not  well  approximated  by  a  lineat 
function  of  size  parameter  in  these  wavelength  regions. 


FS  Smoke 

The  final  comparison  of  extinction  to  mass  content  <Je/M  according  to 
relation  (5)  compared  to  measurement  is  for  sulfuric  acid  mists  gen¬ 
erated  by  Car  Ion  et  al. 1  *  Their  results  for  38  percent  sulfuric  acid 
smoke  for  the  X  «  0.5pn  to  2.5pm,  7pm  to  14pm  spectral  regions  compared 
to  out  size-distribution-independent  relation  (5)  are  shown  in  figures 
14  and  15.  The  error  bars  superimposed  on  ^he  measurements  mark  the 
range  of  values  obtained  for  several  radiometer  scans.*  Fot  the  7pm  to 
14pn  spectral  region,  the  Qe  -  cx  approximation  given  by  (5)  is  gen¬ 
erally  within  ettot  of  measurement.  On  the  other  hand,  the  equation  (5) 
prediction  generally  overestimates  the  measurements  in  the  0.55um  to 
2.75tm  wavelength  tange. 


1  “H.  R.  Car  Ion,  0.  H.  Anderson,  M.  E.  Milham,  T.  L.  Tarnove,  R.  R. 
Frickel,  and  1.  Sindoni,  1977,  Infrared  Extinction  Spectra  of  Some 
Common  Liquid  Aerosols,  Appl  Opt,  16:1598-1605 

*H.  R.  Carlon,  private  coasunlcetlon,  1978 
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Figure  10.  Ratio  of  aerosol  extinction  coefficient  to  mass  content 
predicted  according  to  the  linear  relation  (5)  (open 
circles)  and  measured  by  Million  (curves)  for  fog  oil  smoke 
generated  by  dropping  oil  onto  a  hot  plate.  The  different 
curves  are  for  transmission  measurements  made  with  different 
batches  of  fog  oil  with  varying  optical  depth  (the  optical 
depth  for  a  particular  wavelength  can  be  estimated  by 
multiplying  the  value  of  afi/M  by  the  value  of  ML).  Smaller 
values  of  extinction  coefficient  are  Inferred  from 
transmission  measurements  made  at  larger  optical  depths, 
suggesting  that  multiple  scatter  contributions  may  be 
becoming  important. 
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Figure  11.  Sait  a.  figure  10  except  for  the  7im  to  13ua  apectral 
region.  The  overpredictlon  of  extinction  according  to  th. 
linear  relation  (5)  (open  clrclee)  la  partially  caused  by 
Inaccuracy  of  the  Q,  •  cx  approx  1m t Ion  (e.g.,  figure 
A- 7).  The  good  agreement  of  the  Masuraaenta  for  the  widely 
differing  optical  deptha  (solid  and  dashed  curve.)  suggests 
■ultlple  scatter  contributions  are  not  significant. 
Alternatively,  experfsantel  errors  In  the  extlaetlon-to-aass 
ratio  aay  be  so  large  se  as  to  obfuscate  Multiple  scatter 
contributions. 
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Flgute  12.  Ratio  of  extinction  coefficient  to  mass  content  predicted 
according  to  the  linear  relation  (5)  (open  circles)  and 
measured  by  MUham  (curves)  for  fog  oil  smoke  generated  by 
pytotechnic.  The  measured  extinction  is  significantly  less 
than  for  the  larger  hot-plate  generated  smoke  particles 
(e.g.,  figure  10).  The  relation  (5)  severely  overestimates 
the  extinction  as  a  result  of  Inaccuracy  of  the  Qg  ■  cx 
approximation  for  small  particles  (e.g.,  figure  A-6). 


Flguie  14*  Values  of  the  iatio  of  aeiosol  extinction  coefficient  to 
aeioaol  mass  content  ptedicted  accotdlng  to  the 
size-distt ibutlon-independent  Uneat  relation  (5)  (open 
citcles  connected  by  the  dashed  line)  and  measuxed  by  Cation 
et  al  (cuxve)  fox  38  percent  sulfutlc  acid  (62  pexcent 
water)  aeiosol.  The  lineat  xelation  (5)  predicts  extinction 
to  have  an  appioxlmate  1/  X  wavelength  dependence  In  the 
spectral  region  0.55  <.  X  £.1.75ian.  The  lineat  telation  (5) 
is  in  best  agreement  with  measurement  at  X  -  lym,  where  the 
maximum  radius  condition  for  these  aerosols  Is  satisfied 
(about  98  pexcent  of  the  aetosol  mass  is  contributed  by 
patticles  with  tadii  r  <  r0),  and  particles  have  else 
parameters  throughout  the  range  0  <  x  <  ^  so  that 
cancellation  of  error  in  the  Qg  -  cx  approximation  occurs 
(e.g.,  figure  1). 
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The  relation  (5)  works  so  well  in  the  7pm  to  14pm  spectral  region  as 
compared  to  the  0.55 pn  to  1.75pm  region  because:  (1)  the  maximum  radius 
conditions  are  easily  satisfied  at  these  longer  wavelengths  (maximum 
radius  values  are  on  the  order  of  3pm  to  7un  from  table  A-12)  as  only 
about  2  percent  of  the  sulfuric  acid  aerosol  smoke  mass  is  contributed 
by  particles  with  radii  r  >  1pm,  (2)  for  r  <  1pm,  the  Mie  extinction 
efficiency  factor  is  accurately  approximated  by  Qg  -  cx  as,  for  example, 
in  figure  2. 


PRACTICAL  APPLICATIONS  OF  THE 
ae  -  M,  aa  -  M,  AND  -  H  RELATIONS 

Unique  relations  between  tadiative  properties  of  smoke  aerosols  and 
their  mass  content  should  be  of  considerable  practical  value.  For 
example,  according  to  the  extinction-mass  relation  (5),  the  integrated 
mass  content  of  smoke  along  a  path  could  be  determined  from  an  IR 
transmission  measurement  between  the  endpoints  of  the  path.  The  path 
must  be  short  enough  that  multiple  scattering  effects  and  attenuation 
caused  by  gaseous  absorption  are  negligible;  also,  forwar dscatter 
corrections  must  be  small.1'*1*  Thus,  for  a  C02  laser  (X  -  10.6pm) 
ttananission  loss  of  0.5  over  a  100-m  phosphoric  acid  (50  percent)  smoke 
path,  a  path-integrated  average  mass  content  of  0.016  g  m-3  is  predicted 
according  to  telation  (5)  using  the  value  of  3wc/2Xp  from  table  A-2. 
Similarly,  had  the  smoke  consisted  of  HC  (50  percent  zinc  chloride  in 
watet)  or  FS  (38  percent  sulfutlc  acid  in  water)  rather  than  phosphoric 
acid,  smoke  mass  contents  of  0.046  g  m"^  and  0.022  g  m-^  would  result 
(from  values  of  3*c/2Xp  in  tables  A- 7  and  A-12). 

An  application  of  the  telation  (6)  between  absorption  and  liquid  mass 
content  of  smokes  would  be  the  inference  of  smoke  mass  at  a  particular 
point  in  a  smoke  cloud  from  an  in  situ  measurement  of  the  aerosol 
absorption  with  an  IR  laser  spectrophone.  Smoke  particles  generally 
have  maximum  radii  of  lin  to  2pm,  and  tables  A-l  through  A-13  show  that 
the  maximum  radius  condition  for  the  afl  -  M  relation  (6)  is  satisfied 
for  most  IR  wavelengths  considered.  For  example,  an  absorption  measure¬ 
ment  with  a  C02  laser  spectrophone  of  10  km-^  (using  the  value  of 
3wc'/2Xp  from  tables  A-3,  A-8,  and  A-13  at  X  -  10.5pm)  corresponds  to 
mass  contents  of  0.040,  0.31,  and  0.054  g  m-^  for  65  percent  H^PO^,  65 
percent  ZnCl2  (HC),  and  75  percent  sulfuric  acid  smokes. 


>aA.  Deepak  and  M.  A.  Box,  1978,  Foxwatd  Scattering  Corrections  for 
Optical  Extinction  Measurements  la  Aerosol  Media.  1:  Monodlspet alone, 
Appl  Opt,  17:2900-2908 

1  'A.  Deepak  and  M.  A.  Box,  1978,  FOtward  Scattering  Corrections  for 
Optical  Extinction  Measurements  in  Aerosol  Media.  2:  Polydis pets ions, 
Appl  Opt,  17:3169-3176 
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The  relations  (5)  and  (6)  can  also  be  used  to  estimate  the  single  scat¬ 
tering  albedo  for  polydispersions  of  smoke  patticles.  The  albedo  is 
defined  as  the  ratio  scattering  to  extinction  and  is  an  important  param¬ 
eter  in  determining  the  contrast  obtainable  by  an  IR  sensor  such  as  a 
forward  looking  infrared  system  (FLIR) .  From  relations  (5)  and  (6),  the 
single  scatter  albedo  wQ  is  a  simple  function  of  the  slope  parameters 
c(m)  and  c'(m): 


w 


o 


1 


(8) 


where  the  refractive  index  m  is  characteristic  of  the  smoke  material  at 
the  wavelength  of  interest.  Values  of  c  and  c'  from  tables  A-l  through 
A-13  must  be  substituted  cautiously  into  equation  (8)  to  obtain  the 
single  scatter  albedo  since  the  maximum  radius  conditions  for  the  smoke 
particles  (which  are  also  given  in  the  tables)  must  be  satisfied  for 
both  extinction  and  absorption.  However,  these  conditions  are  generally 
easily  satisfied  for  all  smokes  considered  here  in  the  3pm  to  5pm  and 
8im  to  12 im  spectral  regions.  Finally,  because  of  the  large  errors 
involved  in  the  Qe  *  cx  approximation  for  only  slightly  absorbing  parti¬ 
cles,  the  application  of  equation  (8)  to  HC,  diesel  oil,  and  fog  oil 
smokes  is  not  recommended  when  errors  in  the  quantity  3irc/2Xp  exceed  50 
percent  (see  footnotes  of  tables  A-l  through  A-13). 


The  last  application  suggested  here  toward  a  specific  DOD  hardware 
system  concerns  the  relation  (7)  between  smoke  backscattet  coefficient 
and  mass  content.  The  copperhead  missile  seeker  system  sometimes  relies 
on  an  Nd-YAG  laset  backscattet  signal  to  find  its  target.  If  the  inter¬ 
vening  atmosphere  between  the  missile  and  target  contains  smoke  patti¬ 
cles,  the  performance  of  the  seeker  system  may  be  degraded  because  the 
backscattet  signal  from  the  smoke  obscurant  may  obfuscate  that  from  the 
target.  According  to  relation  (7)  the  backscattet  from  the  smoke  may  be 
calculated  directly  from  knowledge  of  the  integrated  smoke  mass  content 
between  seeker  and  target  (neglecting  multiple  scattering  effects).  For 


example,  a  cloud  of  50  percent  phosphoric  acid  smoke  with  mass  loading 
0.1  g  m~^  would  result  in  a  backscattet  cross  section  of  0.0034m"^  st” 
at  X  »  1.06pm. 


COMPARISON  OF  EXTINCTION  COEFFICIENTS  OF  PHOSPHORIC 
ACID  AND  HC  SMOKE  AT  VARIOUS  RELATIVE  HUMIDITIES 


Another  application  of  these  approximations  is  toward  the  radiative 
properties  of  hygroscopic  smoke  particles*  Phosphoric  acid  and  HC  smoke 
particles  are  hygroscopic.  They  grow  at  the  expense  of  atmospheric 
water  vapor  to  equilibrium  slses  larger  than  their  original  sizes, 
depending  on  the  atmospheric  temper etui e  and  relative  humidity*  This 
increase  in  else  sometimes  causes  increased  extinction  and 
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obscuration.  To  make  a  comparison  of  the  effectiveness  of  these  two 
smokes,  we  compare  their  extinction  coefficients  as  a  function  of  rela¬ 
tive  humidity,  taking  into  account  that  their  mass  content  increases 
with  relative  humidity.  We  require  that  the  initial  "dry"  mass  contents 
be  the  same: 


(1>„(D  _  J2>„(2> 


0o  vo 


°o  vo 


(9) 


where  Pq  >  Pq  are  the  dry  density  values  of  the  smoke  materials  (1) 
and  (2)  and  ,  V are  their  initial  volumes. 

To  predict  the  volume  increases,  we  use  the  results  of  Hanel*  for  the 
fractional  radius  increases  (r/rQ)  of  phosphoric  acid  droplets  (table 
A-15)  and  HC  smoke  (table  A-16)  as  a  function  of  relative  humidity  f. 
The  results  are  based  on  Hanel's  original  work.**  The  tables  show  that 
the  fractional  increase  in  the  smoke  particle  radii  is  neatly  indepen¬ 
dent  of  the  initial  particle  radii.  Thus  we  can  assume  to  first  order 
that  the  fractional  tadius  increases  t/tQ  ate  independent  of  particle 
size,  leading  to  the  smoke  volume  content  at  relative  humidity  f  being 
given  by  (t/r0)^vQ.  Using  the  approximation  (5)  relating  extinction 
coefficient  to  aerosol  mass  content,  we  can  write  the  extinction  coeffi¬ 
cient  at  telative  humidity  f  as 


°e<f>  -  fr  (7?3  Vo  *  (10> 

The  ratio  of  phosphoric  acid  to  HC  smoke  extinction  coefficients  (under 
the  constraint  that  their  initial  dry  mass  contents  be  the  same)  is  then 
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The  values  of  this  ratio  calculated  for  telative  humidities  from  40  to 
95  percent  at  several  wavelengths  ate  given  in  table  A-17.  For  telative 


♦Private  communication,  1978 

Hanel,  1976,  The  Properties  of  Atmospheric  Aerosol  Particles  as 
Functions  of  Relative  Humidity  at  Thetmodynamic  Equilibrium  with  the 
Suttounding  Hoist  Ait,  Adv  iu  Ceophys,  19:73-188 


hisnidities  f  <  80  percent,  phosphoric  acid  is  a  mote  effective  obscurant 
(as  it  has  a  greatet  extinction  coefficient)  in  the  visible  and  10.5pm 
to  12pm  spectral  regions,  but  less  effective  in  the  3pm  region. 

Results  for  the  4un  to  10un  spectral  region  have  been  purposely  left  out 
since  we  expect  the  Qg  =*  cx  approximation  (5)  to  be  substantially  in 
error  for  HC  smoke  in  this  tegion.  Fot  a  relative  humidity  of  95  per¬ 
cent,  HC  smoke  is  more  effective  at  all  considered  wavelengths. 


CONCLUSIONS 

We  have  shown  that  a  linear  relation,  independent  of  the  fotm  of  the 
size  distribution,  should  exist  between  volume  extinction  coefficient, 
absorption  coefficient,  backscatter  coefficient,  and  mass  content  of 
several  military  smokes.  However,  the  telation  is  valid  only  at  partic¬ 
ular  wavelengths  determined  by  the  range  of  particle  sizes  present  in 
the  polydispersions  of  smoke  particles.  Our  prediction  between  extinc¬ 
tion  coefficient  and  mass  content  has  been  compared  to  transmission 
measurements  available  in  the  literature  on  phosphoric  acid,  HC,  fog 
oil,  and  FS  smokes.  The  agreement  is  good  (generally  within  30  percent) 
for  highly  absorbing  phosphoric  acid  and  FS  smoke  in  the  3pm  to  5pm  and 
8pm  to  12pm  spectral  regions,  but  only  fair-to-poot  fot  weakly  absorbing 
HC  and  fog  oil  smokes  (the  telation  overptedlcts  extinction  by  as  much 
as  a  factor  2.5  fot  HC  and  10  for  fog  oil  generated  by  pyrotechnic). 
Four  applications  of  out  relationships  between  smoke  aerosol  extinction, 
absorption,  backscattet,  and  mass  content  ate  suggested:  (1)  inference 
of  path-integtated  mass  content  of  smoke  from  an  IR  laser  ttansmissome- 
ter  measurement  thtough  the  smoke  cloud,  (2)  determination  of  smoke  mass 
content  at  a  particular  point  in  a  smoke  cloud  from  a  smoke  aerosol 
absorption  measurement  at  that  point  with  an  IR  laser  spectrophone,  (3) 
determination  of  smoke  backscattet  coefficient  from  knowledge  of  smoke 
mass  content,  and  (4)  prediction  of  the  extinction  coefficient  of  phos¬ 
phoric  acid  and  HC  smoke  as  a  function  of  atmospheric  relative  humidity. 
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APPENDIX.  FIGURES  A-l  THROUGH  A-10 
AND  TABLES  A-l  THROUGH  A-17 


Figute  A- 


Figure  A- 


1.  Efficiency  factors  for  extinction  Qe  for  phosphoric  acid 
droplets  at  a  wavelength  1  *  3.8mn,  and  their  approximation 
by  straight  lines  Qe(x)  “  cx.  The  efficiency  factors  ate 
well  approximated  by  the  straight  lines  up  to  some  maximum 
size  parameter  (Indicated  by  the  vertical  lines). 
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2.  Sum  aa  figute  A-l  only  for  \  «  10.5pm.  Note  the  elope 
pereaetet  c  ia  a  eeneltiva  function  of  the  phoephotic  acid 
content  of  the  droplets. 
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Figure 


Figure  A 


i-3.  Same  as  figure  A-l  only  for  HC  smoke  droplets  at  a 
wavelength  X  »  0.5  5jni.  In  this  case  particles  mast  have 
size  parameters  x  <.  6  (corresponding  to  radii  r  <  O.Sum) 
for  the  Qe  »  cx  approximation  to  apply.  Since  HC  smoke 
particles  generally  violate  this  condition  (e.g.,  Mllham 
1976,  reports  size  distributions  of  HC  smoke  having  mass 
mean  radii  of  0.66tm),  the  linear  relation  (5)  will 
probably  overestimate  extinction  at  X  «  0.55vsa. 


-4.  Same  as  figure  A- 3  except  for  a  wavelength  X  -  3. Sun.  At 
this  longer  wavelength  the  naxlnum  radius  condition  is  for 
particles  with  radii  r  ?  3 pa  (corresponding  to  *  <  5)  and 
should  he  satisfied  for  HC  smoke  particles.  However,  even 
though  this  condition  Is  satisfied,  the  »  cx  approxima¬ 
tion  is  not  vary  accurate,  as  the  Hts  efficiencies  era 
significantly  overestimated  for  t  i  i  and  underestimated 
for  l  iii  S.  thus,  for  the  linear  relation  (S)  to  he  a 
goad  approximation  we  met  have  particles  with  alas 
parameters  throughout  the  range  0  £  *  &  5  (corresponding  to 
radii  0  i  t  ]  3 urn)  so  that  cancellation  Of  errors  can 
occur.  ■  • 
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Figure  A- 


Figure  A-6. 


-5. 


Same  as  figure  A-3  except  for  a  wavelength  X  »  10.5pm.  At 
this  wavelength  the  maximum  radius  condition  for  the  0  - 

cx  approximations  should  be  easily  satisfied  (r  ^  ioum 
corresponds  to  ^  i  6).  But  because  HC  smoke  particles 
will  have  size  parameters  less  than  x  -  2  at  this  wave¬ 
length,  the  Qe  m  cx  approximation  overestimates  extinction 
and  the  linear  relation  (5)  is  not  expected  to  be  very 
accurate.  3 


Q.  (Mie) 

FOG  OIL  (m  •  1497 -  0.04 i) 
DIESEL  OIL  (m«  1.467-00220  I 


X*  3.8/zm 

OIL  SMOKE 
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Efficiency  factors  for  extinction  Qe  for  fog  oil  and  diesel 
oil  droplets  at  a  wavelength  X  «  3.8m,  and  their  approxi¬ 
mation  by  straight  lines  Qg(x)  ■  cx  for  x  <  5.  As  for  HC 
smoke  at  this  wavelength,  the  Q.  »  cx  approximation  is  not 
very  accurate,  as  the  Mle  efficiencies  are  groesly  over¬ 
estimated  for  i  <  2  and  under at tlmatsd  for  2  «  x  <  5. 
Hence  for  the  linear  relation  (5)  between  extinction  and 
miss  content  to  bn  applicable  we  moat  have  particles  with 
radii  throughout  the  range  0  <  r  <  3u»  (corresponding  to  0 
<^x  <  5)  so  that  cancellation  "of  eTrors  can  occur. 
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Figute  A-7.  Same  as  flguze  A-6  except  for  X  »  10. Sum- 


Figure  A-8.  Normalised  backscatter  gain  G  for  20  percent  zinc  chloride 
(in  water)  droplets  at  the  wavelength  \  -  0.5 5w  and  its 
approximation  toy  a  straight  line  G(x)  "  c"x  for  x  <  11. 
The  approximation  overestimates  the  exact  value  of  G  at 
som  size  parameters  x,  but  underestimates  it  at  others 
(still  with  x  <  11).  These  two  errors  tend  to  cancel  out 
in  the  evaluation  of  the  integral  in  equation  (3).  This 
approximation  leads  to  the  linear  relation  (7)  between 
backscatter  coefficient  and  aerosol  mesa  content,  which  is 
independent  of  the  particle  else  distribution. 


TABLE  A-l .  20  PERCENT  ORTHOPHOSPHORIC  ACID  IN  WATER 

_  "1 

(density  p  ”  1.1134  g  cm  ) 


At  a  given  wavelength  X  the  efficiency  factor  for  extinction  Qe  (and 
absorption  Qa)  for  phosphoric  acid  smokes  can  be  approximated  by  a  linear 
function  of  size  paraneter  Qe  -  cx  (or  Qa  “  c'x)  for  size  parameters  x  <_  xJB> 
or  equivalently  for  particle  radii  r  <_  rm.  The  values  of  rm  and  c  (and  c') 
are  determined  from  the  efficiency  curves  (see  for  example  figure  A-l).  If  a 
polydispersion  of  phosphoric  acid  droplets  has  particles  with  radii  r  <.rm(X), 
from  the  table  we  can  find  the  wavelengths  for  which  a  linear  relationship 
between  extinction  (or  absorption)  and  aerosol  mass  content  exists,  and  the 
appropriate  value  of  the  parameter  c  (or  c').  The  value  of  the  quantity 
3*c/2Xp  (or  3irc'/2Xp)  multiplied  by  the  smoke  mass  content  M  gives  the 
extinction  coefficient  o£  (or  absorption  coefficient  °a) •  Also  given  in  the 
table  is  the  ratio  of  the  absorption  to  the  extinction  coefficient  aa/oe.  The 
single-scatter  albedo  w  »  1  -  °a/®e* 


Extinction _  _ Absorption 


A  (pm) 

c 

r>nO 

c* 

rm(um) 

3ttc  f  _  2  _  - 1  \ 

> 

oa/a 

0.55 

0.69 

0.52 

5.3  c 

1.06 

0.69 

1.0 

2.7  c 

3.0 

0.76 

1.9 

1.1  a 

0.59 

1.1 

0.84  a 

0.78 

3.5 

0.76 

3.1 

0.92c 

0.088 

4.9 

0.11  a 

0.12 

3.8 

0.67 

3.8 

0.75c 

0.054 

5.8 

0.060a 

0.08 

4.0 

0.67 

4.0 

0.71c 

0.058 

6.8 

0.061a 

0.09 

4.5 

- 

- 

- 

0.068 

8.0 

0.064a 

- 

5.0 

- 

- 

- 

0.074 

6.4 

0.063a 

- 

8.0 

0.53 

7.3 

0.28c 

0.14 

10.0 

0.076a 

0.27 

8.5 

0.52 

7.2 

0.26c 

0.18 

8.7 

0.088a 

0.34 

9.0 

0.49 

8.4 

0.23c 

0.16 

10.0 

0.074a 

0.32 

9.5 

0.45 

8.7 

0.20b 

0.17 

10.1 

0.077a 

0.38 

10.0 

0.48 

7.7 

0.20a 

0.24 

8.4 

0.099a 

0.49 

10.5 

0.43 

8.6 

0.17a 

0.20 

10.0 

0.081  a 

0.47 

11.0 

0.40 

7.4 

0.15a 

0.26 

7.9 

0.10  a 

0.66 

11.5 

0.44 

6.9 

0.16a 

0.33 

6.3 

0.12  a 

0.76 

12.0 

0.50 

7.3 

0.18« 

0.42 

5.4 

0.15  a 

0.85 

•  -  Error  la  3ac/2Xp  (or  3«c'/2Xp)  la  eat  la*  tod  to  b«  loaa  thaa  30  parcant. 
b  -  Error  la  3«e/2Xp  (or  3«c'/2xp)  la  oatlaatod  to  bo  loan  than  50  percent, 
e  -  Error  la  3«c/2Xp  (or  3«c'/2Xp)  la  oatlaatod  to  be  loaa  than  100  porcont. 


TABLE  A-2.  50  PERCENT  ORTHOPHOSPHORIC  ACID  IN  WATER 

(density  p  ■  1.335  g  cm~^) 


Extinction _  Absorption 


A  (urn) 

c 

r>") 

3TTC/  2--1  \ 
2A^m  g  > 

c 1 

rn,(wm) 

3lTC  1  \ 

2x r0"9  } 

°a/ae 

0.55 

0.72 

0.50 

4.7  c 

1.06 

0.72 

0.96 

2.4  c 

3.0 

0.62 

2.2 

0.74a 

0.39 

1.4 

0.46a 

0.63 

3.5 

0.68 

2.7 

0.68b 

0.30 

2.2 

0.30a 

0.43 

3.8 

0.70 

3.0 

0.64b 

0.25 

2.9 

0.23a 

0.35 

4.0 

0.66 

3.3 

0. 58  b 

0.24 

3.1 

0.21  a 

0.36 

4.5 

0.69 

3.6 

0.54b 

0.24 

4.0 

0.19a 

0.35 

5.0 

0..65 

4.2 

0.46b 

0.21 

4.6 

0.15a 

0.33 

8.0 

0.58 

5.0 

0.26a 

0.40 

4.4 

0.18a 

0.69 

8.5 

0.72 

4.0 

0.30a 

0.54 

4.1 

0.22a 

0.74 

9.0 

0.79 

4.2 

0.31  a 

0.52 

4.3 

0.20  a 

0.66 

9.5 

0.93 

2.9 

0.35a 

0.83 

2.2 

0.31a 

0.89 

10.0 

1.59 

2.7 

0.56a 

1.41 

1.6 

0.50a 

0.89 

10.5 

1.30 

4.3 

0.43a 

0.70 

4.3 

0.24a 

0.54 

11.0 

1.05 

5.2 

0.34a 

0.53 

5.5 

0.17a 

0.51 

11.5 

1.00 

5.9 

0.31a 

0.52 

5.7 

0.16a 

0.52 

12.0 

0.92 

6.2 

0.27a 

0.48 

6.4 

0.14a 

0.52 

a  -  Error  in  3*c/2Xp  (or  3*c'/2Xp)  la  estiaated  to  be  lass  than  30  percent, 

b  -  Error  In  3«c/2Xp  (or  3»c'/2Xp)  Is.  estiaated  to  be  less  than  50  percent, 

c  -  Error  In  3«/2Xp  (or  3sc'/2Xp)  is  estiaated  to  be  less  than  100  percent. 


TABLE  A-3.  65  PERCENT  ORTHOPHOSPHORIC  ACID  IN  WATER 


(density  p  ■  1.475  g  cm  ) 


Extinction _  _ Absorption 


X(nm) 

c 

r  (ym) 
m'  ' 

£>V') 

c 1 

r„(wm! 

M  <"V') 

°a^°e 

0.55 

0.83 

0.44 

4.8  c 

1.06 

0.83 

0.85 

2.5  c 

3.0 

0.58 

2.5 

0.61a 

0.33 

1.7 

0.34a 

0.56 

3.5 

0.68 

2.6 

0.62a 

0.35 

2.0 

0.32a 

0.52 

3.8 

0.70 

2.9 

0.59a 

0.31 

2.3 

0.26^ 

0.45 

4.0 

0.67 

3.1 

0.54a 

0.29 

2.7 

0.23a 

0.43 

4.5 

0.72 

3.3 

0.51b 

0.29 

3.3 

0.20a 

0.40 

5.0 

0.67 

3.9 

0.43b 

0.25 

4.6 

0.16a 

0.37 

8.0 

0.62 

4.0 

0.25a 

0.47 

3.5 

0.19a 

0.76 

8.5 

0.85 

3.3 

0.32a 

0.70 

3.0 

0.26a  . 

0.82 

9.0 

0.93 

3.7 

0.33a 

0.73 

3.3 

0.26a 

0.78 

9.5 

1.39 

2.2 

0.47a 

1.28 

1.6 

0.43a 

0.92 

10.0 

1.93 

2.5 

0.62a 

1.66 

1.6 

0.53a 

0.86 

10.5 

1.59 

3.7 

0.48b 

0.83 

4.0 

0.25a 

0.52 

11.0 

1.31 

4.4 

0.38b 

0.65 

5.0 

0. 1 9a 

0.50 

11.5 

1.25 

4.9 

0.35b 

0.59 

5.7 

0.17a 

0.47 

12.0 

1.16 

5.4 

0.31b 

0.55 

5.9 

0.15a 

0.48 

a  -  Error  In  3*c/2Xp  (or  3tc'/2Xp)  la  estimated  to  be  less  than  30  percent, 

b  -  Error  In  3«c/2Xp  (or  3nc'/2Xp)  Is  estimated  to  be  less  than  50  percent, 

c  -  Error  In  3«c/2Xp  (or  3ec'/2Xp)  Is  estimated  to  be  less  than  100  percent. 
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TABLE  A-4.  85  PERCENT  ORTHOPHOSPHORIC  ACID  IN  WATER 


(density  0  *  1.689  g  cm-^) 


Extinction 


Absorption 


X(ym) 

c 

'>m) 

3ttc  /  2  — 1  \ 

W"  9  * 

c1 

rm(um) 

3ttc  ‘  /_2_-l  \ 
2X^mg  > 

°a/oe 

0.55 

0.86 

0.42 

4.4  c 

1.06 

0.86 

0.81 

2.3  c 

3.0 

0.55 

2.7 

0.51a 

0.25 

2.0 

0.23a 

0.46 

3.5 

0.70 

2.3 

0.56a 

0.42 

1.7 

0.33a 

0.60 

3.8 

0.75 

2.6 

0.55a 

0.36 

2.2 

0.27a 

0.49 

4.0 

0.70 

2.9 

0.49a 

0.36 

2.2 

0.25a 

0.51 

4.5 

0.75 

3.1 

0.47b 

0.33 

3.3 

0.21a 

0.44 

5.0 

0.72 

3.7 

0.40b 

0.29 

3.8 

0.16a 

0.40 

8.0 

0.69 

3.2 

0.24a 

0.57 

3.2 

0.20a 

0.83 

8.5 

1.06 

2.6 

0.35a 

0.83 

2.8 

0.27a 

0.78 

9.0 

1.34 

2.4 

0.41a 

1.01 

2.6 

0.31a 

0.75 

9.5 

2.17 

1.7 

0.64a 

1.82 

1.4 

0.53a 

0.84 

10.0 

2.36 

2.1 

0.66a 

2.04 

1.4 

0.57  a 

0.87 

10.5 

1.90 

3.0 

0.50b 

1.22 

2.7 

0.32  a 

0.64 

11.0 

1.65 

3.9 

0.42b 

0.87 

3.4 

0.22a 

0.53 

11.5 

1.54 

4.2 

0.37b 

0.80 

3.8 

0.19b 

0.52 

12.0 

1.39 

4.9 

0.33b 

0.61 

5.9 

0.14a 

0.44 

a  -  Error  In  3*c/2Xp  (or  3ec'/2Xp)  la  estimated  to  be  leas  than  30  percent, 

b  -  Error  in  3ac/2Xp  (or  3«c'/2Xp)  la  eat  heated  to  be  leaa  than  50  percent, 

c  -  Error  in  3*c/2Xp  (or  3nc'/2Xp)  ia  estimated  to  be  leas  than  100  percent. 
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TABLE  A-5.  20  PERCENT  ZINC  CHLORIDE  IN  WATER  (HC  SMOKE) 
(density  o  «  1.1866  g  cm-^) 


At  a  given  wavelength  X  the  efficiency  factor  for  extinction  Qe  (and 
absorption  Qa)  for  HC  smoke  aerosols  can  be  approximated  by  a  linear  function 
of  size  paraneter  Qe  -  cx  (or  0a  ”  c'x)  for  size  parameters  x  <.  Xjj  or 
equivalently  for  particle  radii  r  <.  ra.  The  values  of  rn  and  c  (and  c')  are 
determined  from  the  efficiency  curves  (see  for  example  figures  A-3  through 
A-5).  If  a  polydispersion  of  HC  smoke  droplets  has  particles  with  radii  r  <_ 
rm(X),  from  the  table  we  can  find  the  wavelengths  for  which  a  linear 
relationship  between  extinction  (or  absorption)  and  aerosol  mass  content 
exists,  and  the  appropriate  value  of  the  parameter  c  (or  c').  The  value  of 
the  quantity  3xc/2Xp  (or  3*c'/2Xp)  multiplied  by  the  smoke  mass  content  M 
gives  the  extinction  coefficient  og  (or  obsorptlon  coefficient  oa) .  Also 


TABLE  A-6.  40  PERCENT  ZINC  CHLORIDE  IN  WATER 

(density  p  =•  1.4173  g  cm-^) 


Extinction 


Absorption 


A(ym) 

c 

c' 

rm(Pm) 

3ttc  1  /_.2_— i  \ 

°a/oe 

0.55 

0.76 

0.47 

4.6  c 

1.06 

0.76 

0.91 

2.4  c 

3.0 

0.85 

1.7 

0.95a 

0.40 

1.9 

0.44  a 

0.47 

3.5 

0.86 

2.7 

0.82c 

0.093 

5.4 

0.088a 

0.10 

3.8 

0.82 

3.2 

0.72c 

0.049 

7.7 

0.043a 

0.052 

4.0 

0.80 

3.4 

0.66c 

0.043 

8.4 

0.036a 

0.054 

4.5 

- 

- 

0.064 

8.7 

0.048a 

- 

5.0 

- 

- 

0.066 

9.6 

0.044a 

- 

8.0 

- 

- 

— 

0.11 

11.9 

0.046a 

- 

8.5 

- 

- 

— 

0.12 

12.6 

0.048a 

- 

9.0 

- 

- 

— 

0.12 

12.4 

0.046a 

- 

9.5 

- 

- 

— 

0.14 

11.3 

0 . 048a 

- 

10.0 

- 

- 

- 

0.16 

10.4 

0.054a 

- 

10.5 

0.51 

10.8 

0.16c 

0.18 

10.7 

0.056a 

0.35 

11.0 

0.46 

11.1 

0.14b 

0.21 

9.3 

0.064a 

0.46 

11.5 

0.46 

10.3 

0.13a 

0.26 

8.4 

0.075a 

0.57 

12.0 

0.48 

10.0 

0.13a 

0.33 

7.4 

0.092a 

0.69 

a  -  Error  in  3wc/2Xp  (or  3*c'/2Xp)  is  estiasted  to  be  less  than  30  percent, 
b  -  Error  in  3«c/2Xp  (or  3*c'/2Xp)  is  estlaated  to  be  less  than  50  percent, 
c  -  Error  in  3*c/2Xp  (or  3ec'/2Xp)  la  estlaated  to  be  less  than  100  percent 


TABLE  A-7.  50  PERCENT  ZINC  CHLORIDE  IN  WATER 


(density  p  *  1.5681  g  cm~^) 


Extinction _  _ Absorption 


X(um) 

c 

rm(un,) 

c1  r 

If0"'9"’  °/°e 

0.55 

0.78 

0.46 

4.3  c 

1.06 

0.78 

0.89 

2.2  c 

3.0 

0.81 

1.9 

0.81a 

0.47 

1.4 

0.47  a  0.58 

3.5 

0.89 

2.6 

0.76c 

0.12 

3.5 

0.10  a  0.14 

3.8 

0.86 

3.0 

0.68  c 

0.061 

6.3 

0.048a  0.07 

4.0 

0.83 

3.3 

0.62c 

0.059 

5.3 

0.044a  0.07 

4.5 

— 

— 

- 

0.058 

6.2 

0.039a 

5.0 

- 

- 

- 

0.066 

5.8 

0.040a 

8.0 

- 

- 

- 

0.099 

10.8 

0.037a 

8.5 

- 

- 

- 

0.11 

11.8 

0.038a 

9.0 

- 

— 

- 

0.13 

9.7 

0.042a 

9.5 

- 

- 

- 

0.13 

11.2 

0.043a 

10.0 

- 

- 

- 

0.15 

11.1 

0.044a 

10.5 

0.53 

11.0 

0.15c 

0.17 

10.3 

0.048a  0.32 

11.0 

0.52 

11.6 

0.14b 

0.19 

10.0 

0.053a  0.37 

11.5 

0.48 

11.5 

0.13a 

0.24 

7.9 

0.063a  0.50 

12.0 

0.51 

9.5 

0.13a 

0.31 

7.1 

0.078a  0.61 

a  -  Error  in  3*c/2Xp  (or 
b  -  Error  In  3ns/2xp  (or 
c  -  Error  in  3«c/2Xp  (or 

3«c'/2Xp) 

3ne'/2Xp) 

3«c'/2Xp) 

ia  eatlsated  to 
ia  cat lasted  to 
ia  eetfcaated  to 

b«  lass 
be  leas 
be  laaa 

than  30  percent, 
than  50  percent, 
than  100  percent. 
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TABLE  A-8.  65  PERCENT  ZINC  CHLORIDE  IN  WATER 

(density  P  *  1.851  g  cm  ) 


Extinction 


A(ym) 

c 

rn(um) 

IfOnV) 

0.55 

0.88 

0.40 

4.1  c 

1.06 

0.88 

0.77 

2.1  c 

3.0 

0.95 

0.96 

0.80a 

3.5 

1.00 

2.4 

0.73c 

3.8 

0.97 

2.8 

0.65c 

4.0 

0.92 

3.0 

0.59c 

4.5 

- 

- 

- 

5.0 

- 

- 

- 

8.0 

- 

- 

- 

8.5 

- 

- 

- 

9.0 

- 

- 

- 

9.5 

- 

- 

- 

10.0 

- 

- 

- 

10.5 

- 

- 

- 

11.0 

- 

- 

- 

11.5 

0.59 

10.9 

0.13c 

12.0 

0.56 

10.1 

0.12b 

Absorption 


c' 

rm(um) 

°a/oe 

0.43 

1.6 

0.36  a 

0.45 

0.087 

4.3 

0.063a 

0.09 

0.039 

5.2 

0.026a 

0.04 

0.025 

7.4 

0.016a 

0.03 

0.037 

7.1 

0.021a 

- 

0.045 

6.9 

0.023a 

- 

0.095 

9.5 

0.030a 

- 

0.11 

9.0 

0.034a 

~ 

0.11 

10.9 

0.032a 

- 

0.099 

12.5 

0.027a 

- 

0.12 

11.9 

0.031a 

- 

0.13 

12.3 

Q.032a 

- 

0.15 

12.3 

0.034a 

- 

0.17 

11.3 

0.047a 

0.29 

0.24 

9.2 

0.050a 

0.42 

a  -  Error  In  3wc/2Xp  (or  3sc'/2Xp)  la  estimated  to  be  less  than  30  percent, 

b  -  Error  in  3*c/2Xp  (or  3*e '/2Xp)  le  estimated  to  be  less  than  50  percent, 

c  -  Error  In  3«e/2Xp  (or  3ac'/2Xp)  is  estimated  to  be  less  than  100  percent. 


TABLE  A-9.  75  PERCENT  ZINC  CHLORIDE  IN  WATER 


(density  p  -  2.06  g  ca-^) 


Extinction 


A(ym) 

c 

rm(ym) 

3tTC  /m2„-l  \ 
2Ap(m  9  ) 

0.55 

0.91 

0.40 

3.8  c 

1.06 

0.91 

0.77 

2.0  c 

3.0 

1.01 

1.4 

0.77b 

3.5 

1.04 

2.2 

0.68c 

3.8 

1.04 

2.4 

0.62c 

4.0 

1.02 

2.7 

0.58c 

4.5 

- 

- 

- 

5.0 

- 

- 

- 

8.0 

- 

- 

- 

8.5 

- 

- 

- 

9.0 

- 

- 

- 

9.5 

- 

- 

- 

10.0 

- 

- 

- 

10.5 

- 

- 

- 

11.0 

- 

- 

- 

11.5 

_ 

- 

- 

12.0 

_ 

- 

Absorption 


c1 

rmM 

3tTC  1  v 

IaT0"9  ) 

°a/o 

0.43 

1.7 

0.33  a 

0.42 

0.086 

4.2 

0.056a 

0.08 

0.053 

5.3 

0.032a 

0.05 

0.030 

6.3 

0.017a 

0.03 

0.035 

6.8 

0.018a 

- 

0.046 

7.3 

0.021a 

- 

0.066 

9.6 

0.019a 

- 

0.087 

10.8 

0.023a 

- 

0.10 

11.8 

0.026a 

- 

0.10 

13.2 

0.024a 

- 

0.12 

11.4 

0.028a 

- 

o.io 

13.7 

0.022a 

- 

0.083 

13.6 

0.027a 

- 

0.080 

16.5 

0.016a 

- 

0.16 

11.0 

0.030a 

- 

a  -  Error  in  3«c/2Xp  (or  3*c'/2Xp)  i«  oaciaated  to  bo  loss  than  30  parcont. 
b  -  Error  in  3«/2Xp  (or  3ac'/2Xp)  is  aatiaatad  to  ba  laas  than  50  parcant* 
c  -  Error  in  3«c/2Xp  (or  3«c'/2Xp)  is  aatlaatad  to  ba  laas  than  100  parcant. 


TABLE  A-10.  100  PERCENT  DIESEL  FUEL  OIL 

(density  p  «  0.8419  g  m“^) 


At  a  given  wavelength  A  the  efficiency  factor  for  extinction  Qg  (and  absorp¬ 
tion  Q  )  for  diesel  fuel  oil  aerosols  can  be  approximated  by  a  linear  function 
of  size  paraseter  Qg  «  cx  (or  Qa  ■  c'x)  for  size  parameters  x  <.1^  or  equiva¬ 
lently  for  particle  radii  r  <. r^.  The  values  of  rn  and  c  (and  c')  are  deter¬ 
mined  from  the  efficiency  curves  (see  for  example  figures  A-6  through  A-7) . 

If  a  polydispersion  of  oil  droplets  has  particles  with  radii  r  <^rB(A),  from 
the  table  we  can  find  the  wavelengths  for  which  a  linear  relationship  between 
extinction  (or  absorption)  and  aerosol  mass  content  exists,  and  the 
appropriate  value  of  the  parameter  c  (or  c').  The  value  of  the  quantity 
3irc/2Ap  (or  3irc'/2Xp)  multiplied  by  the  smoke  or  oil  mass  content  M  gives  the 
extinction  coefficient  ag  (or  absorption  coefficient  ca).  Also  given  in  the 
table  is  the  ratio  of  the  absorption  to  the  extinction  coefficient  oa/oe.  The 
single-scatter  albedo  wQ  ■  1  -  oa/ae. 


Extinction 


A(pm) 

c 

rm(pm) 

0.55 

0.84 

0.4 

7.9c 

1.06 

0.84 

0.8 

4.1c 

3.0 

0.83 

2.5 

1.5C 

3.5 

0.92 

2.3 

1.5C 

3.8 

0.87 

3.0 

1.3C 

4.0 

0.86 

3.1 

1.2c 

4.5 

- 

— 

5.0 

- 

" 

8.0 

- 

- 

8.5 

- 

- 

** 

9.0 

- 

** 

9.5 

- 

10.0 

- 

10.5 

- 

11.0 

- 

- 

11.5 

- 

- 

12.0 

- 

- 

** 

Absorption 


c 1 

r>m) 

StfC*/  2„-l  \ 

ST*”9  } 

°a/oe 

0.049 

6.8 

0.092a 

0.06 

0.24 

3.1 

0.38  a 

0.26 

0.086 

3.8 

0.13  a 

0.10 

0.087 

5.6 

0.12  a 

0.10 

0.12 

5.6 

0.15  a 

- 

0.15 

5.2 

0.16  a 

- 

0.23 

6.8 

0.16  a 

- 

0.24 

7.4 

0.16  a 

- 

0.26 

6.8 

0.16  a 

* 

0.26 

8.1 

0.15  a 

0.28 

8.3 

0.16  a 

0.28 

8.4 

0.15  a 

' 

0.27 

9.1 

0.14  a 

* 

0.25 

10.1 

0.12* 

* 

0.27 

9.2 

0.13  a 

* 

-  Error  in  3nc/2*p  (or  3nc'/2Xp)  1«  eatiastad  to  bo  loo*  thon  30  pareant. 

-  Error  in  3«e/2Xp  (or  3«c'/2ip>  lo  a* floated  to  bo  looo  thon  100  poreont. 


** 


A 

C 


TABLE  A-ll.  100  PERCENT  PALE  OIL  (FOG  OIL) 
(density  p  «  0.914  g  cm  ) 


At  a  given  wavelength  X  the  efficiency  factor  for  extinction  Qe  (and 
absorption  Qa)  for  fog  oil  aerosols  can  be  approximated  by  a  linear  function 
of  size  paraneter  Qe  -  cx  (or  Qa  -  c'x)  for  size  parameters  x  <.  or 
equivalently  for  particle  radii  r  <,  rm.  The  values  of  rB  and  c  (and  c')  are 
determined  from  the  efficiency  curves  (see  for  example  figures  A-6  through 
A-7).  If  a  polydispersion  of  oil  droplets  has  particles  with  radii  r  <_  rffl(X), 
from  the  table  we  can  find  the  wavelengths  for  which  a  linear  relationship 
between  extinction  (or  absorption)  and  aerosol  mass  content  exists,  and  the 


appropriate  value  of  the  parameter  c  (or  c').  The  value  of  the  quantity 


3irc/2Ap  (or  3irc'/2Xp)  multiplied  by  the  smoke  or  oil  mass  content  M  gives  the 
extinction  coefficient  (or  absorption  coefficient  oa).  Alec  given  in  the 
table  is  the  ratio  of  the  absorption  to  the  extinction  coefficient  oa/oe.  The 
single-scatter  albedo  wQ  ■  1  -  °a/°e* 


Extinction 

Absorption 

X(um) 

c 

r>m) 

3ttc  /  ,_2  _  -1  \ 

ZxF(ffl  9  } 

c' 

rn(pm) 

fsSW ) 

0.55 

0.84 

0.43 

7.9c 

1.06 

0.84 

0.83 

4.1c 

3.0 

0.91 

2.2 

1.6c 

0.094 

4.5 

0.16a 

3.5 

0.93 

2.4 

1.4C 

0.26 

3.9 

0.39a 

3.8 

0.89 

2.8 

1.2C 

0.15 

2.7 

0.20a 

4.0 

- 

- 

- 

0.56 

4.0 

0.20a 

4.5 

- 

- 

- 

0.16 

4.6 

0.22a 

5.0 

- 

- 

- 

0.23 

4.6 

0.23a 

8.0 

0.85 

5.7 

0.55c 

0.34 

5.1 

0.22a 

8.5 

0.85 

5.7 

0.51c 

0.34 

5.6 

0.20a 

9.0 

0.85 

6.1 

0.49c 

0.35 

6.0 

0.20a 

9.5 

0.84 

6.5 

0.46c 

0.36 

6.6 

0.20a 

10.0 

0.85 

6.3 

0.44c 

0.40 

6.1 

0.20a 

10.5 

0.89 

6.5 

0.44c 

0.38 

7.0 

0.18a 

11.0 

0.89 

6.8 

0.42c 

0.37 

7.4 

0.17a 

11.5 

0.86 

7.4 

0.38c 

0.36 

7.6 

0.15a 

12.0 

0.84 

7.4 

0.36c 

0.39 

7.2 

0.17a 

°a/o 


e 


0.10 

0.29 

0.17 


0.39 

0.40 

0.41 

0.43 

0.46 

0.42 

0.41 

0.42 

0.47 


a  -  Error  in  3sc/2Xp  (or  3»c'/2Xp>  is  estimated  to  ba  lass  than  30  percent, 
c  -  Error  in  3sc/2ip  (or  3sc'/2Xp)  is  estimated  to  ba  lass  than  100  paresnt, 
not  recommended  Cor  application  to  Cog  oil  smoke  generated  by  pyrotechnic. 


TABLE  A-12.  38  PERCENT  SULFURIC  ACID  IN  WATER 

(density  p  «  1.286  g  cm-^) 

At  a  given  wavelength  X  the  efficiency  factor  for  extinction  Qe  (and 
absorption  Qa)  for  sulfuric  acid  aerosols  can  be  approximated  by  a  linear 
function  of  size  parameter  Qg  »  cx  (or  Qfl  *  c'x)  for  size  parameter  x  <.  xm  or 
equivalently  for  particle  radii  r  <.  rm.  Hie  values  of  rm  and  c  (and  c')  are 
determined  from  the  efficiency  curves  (see  for  example  figures  1  and  2).  If  a 
polydispersion  of  sulfuric  acid  droplets  has  particles  with  radii  r  <_rm(X), 
from  the  table  we  can  find  the  wavelengths  for  which  a  linear  relationship 
between  extinction  (or  absorption)  and  aerosol  mass  content  exists,  and  the 
appropriate  value  of  the  parameter  c  (or  c').  The  value  of  the  quantity 
3irc/2Xp  (or  3*c'/2Xp)  multiplied  by  the  aerosol  mass  content  M  gives  the 
extinction  coefficient  og  (or  absorption  coefficient  oa) .  Also  given  in  the 
table  is  the  ratio  of  the  absorption  to  the  extinction  coefficient  0a/oe*  The 
single-scatter  albedo  wQ  *>  1  -  oa/cre. 


Extinction _  _ Absorption 


A(ym) 

c 

rm(pm) 

3lTC  /  2  ^  —  1  \ 

2xF(m  9  ] 

c1 

rmium) 

3tc’  ,  2_-l  V 

9  > 

°a/ae 

0.55 

0.72 

0.5 

4.8  c 

1.06 

0.69 

1.0 

2.6  c 

3.0 

0.66 

2.1 

0.81a 

0.43 

1.3 

0.52a 

0.65 

3.5 

0.70 

3.0 

0.73b 

0.20 

3.1 

0.20a 

0.28 

3.8 

0.65 

3.5 

0.63c 

0.16 

3.0 

0.16a 

0.25 

4.0 

0.64 

3.7 

0.59c 

0.17 

3.3 

0.16a 

0.27 

4.5 

0.60 

4.2 

0.49c 

0.19 

3.2 

0.16a 

0.32 

5.0 

0.57 

4.8 

0.42c 

0.22 

3.3 

0.16a 

0.39 

8.0 

0.68 

3.7 

0.32a 

0.58 

2.3 

0.27a 

0.85 

8.5 

1.05 

3.3 

0.46a 

0.84 

2.2 

0.37a 

0.80 

9.0 

0.90 

4.8 

0.37a 

0.65 

2.8 

0.27a 

0.72 

9.5 

1.09 

4.3 

0.42a 

0.84 

2.5 

0.33a 

0.7? 

10.0 

0.96 

5.5 

0.35b 

0.53 

3.8 

0.19a 

0.55 

10.5 

0.89 

5.9 

0.31c 

0.44 

5.0 

0.16a 

0.49 

11.0 

0.84 

6.4 

0.28a 

0.58 

4.0 

0.20a 

0.69 

11.5 

0.96 

6.2 

0.30b 

0.58 

4.4 

0.18a 

0.60 

12.0 

0.93 

6.7 

0.28b 

0.54 

4.5 

0.16a 

0.58 

•  -  Error  in  3*t/2Xp  (or  3«e'/2Xp)  it  aa  dented  to  bo  loot  than  30  percent, 

b  -  Error  in  3 sc/ 2  Xp  (or  3«c'/2Ap)>  te  anniented  to  bo  loon  thao  50  percent, 

c  -  Error  la  3ac/2  Xp  (or  3nc'/2Xp)  i».  aedented  to  be  See*  Otto  100  percent. 


TABLE  A-13.  75  PERCENT  SUUURIC  ACID  IN  WATER 

(density  p  «  1.669  g  cm~^) 


Extinction  _ Absorption 


X(ym) 

c 

c' 

r„(um) 

3ttc  '  \ 

^m9  ) 

o  /c 
a'  e 

0.55 

0.78 

0.50 

4.0  c 

1.06 

0.76 

0.91 

2.1  c 

3.0 

0.55 

2.7 

0.52a 

0.25 

2.1 

0.23a 

0.45 

3.5 

0.68 

2.5 

0. 55a 

0.41 

1.6 

0.33a 

0.60 

3.8 

0.73 

2.7 

0.54a 

0.36 

1.8 

0.27a 

0.50 

4.0 

0.72 

2.9 

0.51b 

0.34 

2.1 

0.24a 

0.48 

4.5 

0.68 

3.5 

0.42b 

0.33 

2.2 

0.21a 

0.50 

5.0 

0.67 

3.9 

0.38b 

0.32 

2.5 

0.18a 

0.48 

8.0 

1.27 

2.0 

0.44a 

1.21 

1.4 

0.43a 

0.98 

8.5 

1.80 

2.0 

0.60a 

1.60 

1.4 

0.54a 

0.90 

9.0 

1.49 

3.0 

0.46a 

1.18 

1.9 

0.37a 

0.80 

9.5 

1.75 

2.8 

0.53a 

1.38 

1.8 

0.41a 

0.78 

10.0 

1.51 

3.9 

0.42b 

0.82 

3.2 

0.23a 

0.55 

10.5 

1.32 

4.5 

0.36c 

0.69 

3.8 

0.19a 

0.51 

11.0 

1.33 

4.3 

0.34a 

0.87 

3.2 

0.23a 

0.67 

11.5 

1.63 

4.2 

0.40c 

0.78 

3.9 

0.19a 

0.48 

12.0 

1.48 

5.0 

0.35c 

0.57 

5.1 

0.14a 

0.39 

•  -  Error  in  3«c/2Xp  (or  3«e'/2Xp)  la  estimated  to  be  less  than  30  percent.* 

b  -  Error  in  3a e/2Ap  (or  3«c'/2Xp)  la  as t lasted  to  be  leas  than  50  percent, 

c  -  Error  in  3ac/2  Xp  (or  3*c'/2  Xp)  la  as tins ted  to  be  less  than  100  percent. 
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TABLE  A-14 


For  phosphoric  acid,  HC,  fuel  oil,  and  FS  smoke  particles  the  backscatter  gain 
G  at  wavelength  X  *  0.694im  (or  X  =  1.06pm)  can  be  approximated  by  linear 
functions  of  particle  size  parameter  G( X,  x)  ■  c"(X)  x  for  x  <. x^,  or  equiva¬ 
lently  for  r  £-rm.  This  approximation  leads  to  the  aerosol  backscatter 
coefficient  o^s  being  proportional  to  the  smoke  mass  content  M  according  to 
equation  (7).  If  particles  in  a  polydispersion  have  radii  r  <.  rB,  from  the 
table  we  can  find  the  value  of  the  quantity  3c” /8Xp  which  if  multiplied  by  the 
aerosol  mass  content  M  gives  the  backscatter  coefficient  a^. 


Smoke 

Material 

x(um) 

c" 

3c" 

8Xp 

(m2g"1sr_1 

20% 

H3P04 

0.694 

0.078 

1.3 

0.038c 

50% 

H3PO4 

0.694 

0.13 

1.4 

0.052a 

65% 

H3PO4 

0.694 

0.18 

1.4 

0.067a 

85% 

H3PO4 

0.694 

0.26 

1.3 

0.082a 

20% 

ZnCl2 

0.694 

0.079 

1.2 

0.036b 

40% 

ZnCl2 

0.694 

0.12 

1.4 

0.046a 

50% 

ZnCl2 

0.694 

0.16 

1.4 

0.055a 

65% 

ZnCl2 

0.694 

0.23 

1.3 

0.068a 

100% 

Fuel  oil 

0.694 

0.20 

1.3 

0.12  a 

38% 

H2S04 

0.694 

0.090 

1.3 

0.038b 

75% 

h2so4 

0.694 

0.15 

1.5 

0.048a 

38% 

h2so4 

1.06 

0.082 

2.0 

0.023b 

75% 

H2SO4 

1.06 

0.14 

2.7 

0.030a 

a  -  Error  in  3c"/8Xp  la  estiottted  to  be  leee  then  30  percent, 

b  -  Error  i 0  3c"/8Xp  ii  eitt*efc*d  to  be  leas  then  30  percent, 

c  -  Error  in  3c"/8Xp  ia  eat tented  to  be  lean  then  100  percent. 


TABLE  A-15 


Radius  changes  (r/rQ)  of  phosphoric  acid  droplets  as  a  function  of  relative 
humidity  f.  The  parameter  rQ  is  the  radius  of  a  "dry"  particle  having  density 

_  O 

pQ  *  1.834  g  cm  .  (After  Hanel,  private  communication,  1978.) 


r0(cm): 

10-6 

3*1 0“ 6 

10-5 

3*10“5 

10"“ 

3*1 0'4 

10‘3 

3*1 0~3 

io-2 

f 

r/rQ 

0.2 

1.075 

1.078 

1.078 

1.078 

1.078 

1.078 

1.073 

1.078 

1.078 

0.4 

1.213 

1.236 

1.236 

1.236 

1.236 

1.236 

1.236 

1.236 

1.236 

0.6 

1.327 

1.346 

1.352 

1.353 

1.354 

1.354 

1.354 

1.354 

1.354 

0.7 

1.396 

1.425 

1.436 

1.440 

1.441 

1 .441 

1.441 

1.441 

1.441 

0.8 

1.489 

1.535 

1.555 

1.561 

1.563 

1.564 

1.564 

1.564 

1.564 

0.9 

1.652 

1.752 

1.795 

1.810 

1.816 

1.817 

1.817 

1.818 

1.818 

0.95 

1.800 

2.002 

2.093 

2.122 

2.133 

2.136 

2.136 

2.137 

2.137 

0.975 

1.936 

2.259 

2.461 

2.528 

2.553 

2.560 

2.563 

2.564 

2.564 

0.99 

2.053 

2.614 

3.091 

3.287 

3.362 

3.385 

3.392 

3.394 

3.396 

0.995 

2.102 

2.853 

3.676 

4.076 

4.240 

4.289 

4.307 

4.312 

4.314 

*9 


TABLE  A-16 


Radius  changes  (r/rQ)  of  HC  smoke  droplets  as  a  function  of  relative  humidity 
f.  The  parameter  rQ  is  the  radius  of  a  "dry"  particle  having  density  pQ  ■ 
2.91  g  cm  .  (After  Hanel,  private  communication,  1978.) 


rQ(cn): 

IO"6 

3- 10~6 

10_s 

3* 1 0~s 

io-4 

3*1  C~“* 

IO'3 

3*  1 0~3 

10“2 

f 

r/rQ 

0.2 

1.207 

1.210 

1.210 

1.211 

1.211 

1.211 

1.211 

1.211 

1.211 

0.4 

1.354 

1.382 

1.394 

1.398 

1.399 

1.400 

1.400 

1.400 

1.400 

0.6 

1.519 

1.555 

1.568 

1.572 

1.573 

1.573 

1.573 

1.573 

• 

1.573 

0.7 

1.624 

1.669 

1.682 

1.685 

1.687 

1.687 

1.687 

1.687 

1.687 

0.8 

1.740 

1.794 

1.318 

1.825 

1.827 

1.828 

1.828 

1.828 

1.828 

0.85 

1.817 

1.896 

1.928 

1.938 

1.944 

1.945 

1.945 

1.945 

1.945 

0.9 

1.930 

2.076 

2.134 

2.151 

2.157 

2.159 

2.160 

2.160 

2.160 

0.95 

2.162 

2.452 

2.593 

2.638 

2.653 

2.658 

2.660 

2.660 

2.660 

0.975 

2.386 

2.953 

3.246 

3.340 

3.372 

3.382 

3.385 

3.386 

3.386 

0.99 

2.651 

3.677 

4.279 

4.493 

4.573 

4.597 

4.605 

4.608 

4.608 

0.995 

2.791 

4.170 

5.182 

5.583 

5.739 

5.784 

5.801 

5.806 

5.807 

ie 


TABLE  A-17 


Ratio  of  the  extinction  coefficient  of  phosphoric  acid  smoke  to  that  for  HC 
smoke  as  a  function  of  relative  humidity  calculated  according  to  equation 
(10). 


X(ym)  _ Relative  Humidity 


40% 

60% 

80% 

95% 

0.55 

1.04 

1.01 

1.00 

0.82 

1.06 

1.04 

1.01 

1.00 

0.82 

3.0 

0.80 

0.98 

0.92 

0.82 

10.5 

2.79 

1.81 

1.04 

0.82 

11.0 

2.50 

1.63 

1.02 

0.82 

12.0 

2.10 

1.36 

1.04 

0.82 
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Code  ES-81,  NASA 
Marshall  Space  Flight  Center, 

AL  35812 

Project  Manager 
Patriot  Missile  Systems 
ATTN:  DRCPM-MD-T 
Redstone  Arsenal ,  AL  35809 

Commander 

US  Army  Missile  R&D  Command 
ATTN:  DRDMI-CGA  (B.  W.  Fowler) 
Redstone  Arsenal,  AL  35809 

Redstone  Scientific  Information  Center 
ATTN:  DRDMI-TBD 
US  Army  Missile  R&D  Command 
Redstone  Arsenal ,  AL  35809 

Commander 

US  Army  Missile  R&D  Command 
ATTN:  DRDMI-TEM  (R.  Haraway) 

Redstone  Arsenal ,  AL  35809 

Commander 

US  Army  tytssile  R&D  Command 
ATTN:  Dft#il-TRA  (Dr.  Essenwanger) 
Redstone  Arsenal,  AL  35809 


Commander 

US  Amy  Missiles  and  Munitions 
Center  &  School 
ATTN:  ATSIC-CD 
Redstone  Arsenal ,  AL  35809 

Commander 

US  Army  Missile  RAD  Command 

ATTN:  DRDMI-REO  (Dr.  Maxwell  Harper) 

Redstone  Arsenal ,  AL  35809 

Commander 

US  Army  Missile  R&D  Command 
ATTN:  DRDMI-RRE  (Dr.  Julius  Lilly) 
Redstone  Arsenal ,  AL  35809 

Commander 

US  Army  Missile  R&D  Command 

ATTN:  DRDMI-TEO  (Dr.  Gene  Widenhofer) 

Redstone  Arsenal,  AL  35809 

Commander 

US  Army  Missile  R&D  Command 
ATTN:  DRDMI-HRO  (Dr.  D.B.  Guenter) 
Redstone  Arsenal,  AL  35809 

Commander 

US  Army  Missile  R&D  Command 

ATTN:  DRDMI-TDO  (Dr.  Hugh  Anderson) 

Redstone  Arsenal,  AL  35809 

Commander 

US  Army  Missile  R&D  Command 
ATTN:  DRDMI-YLA  (Mr.  W.S.  Rich) 
Redstone  Arsenal ,  AL  35809 

Commander 

US  Army  Missile  R&D  Command 

ATTN:  DRDMI-TEG  (Dr.  George  Emmons) 

Redstone  Arsenal,  AL  35809 

Commander 
HQ,  Fort  Huachuca 
ATTN:  Tech  Ref  Div 
Fort  Huachuca,  AZ  85613 

Commander 

US  Army  Intelligence  Center  &  School 

ATTN:  ATS I -CD 

Fort  Huachuca,  AZ  85613 
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Commander  Sylvania  Elec  Sys  Western  Div 

US  Army  Intelligence  Center  &  School  ATTN:  Technical  Reports  Library 
ATTN:  ATSI-CD-CS  (Mr.  Jim  Rustenbeck)  po  Box  205 
Fort  Huachuca,  AZ  85613  Mountain  View,  CA  94040 


Commander 

US  Army  Intelligence  Center  &  School 

ATTN:  ATSI-CD-MO 

Fort  Huachuca,  AZ  85613 

Commander 

US  Army  Communications  Command 
Fort  Huachuca,  AZ  85613 

Commander 

US  Army  Yuma  Proving  Ground 
ATTN:  Technical  Library 
Bldg  2100 
Yuma,  AZ  85364 

Northrop  Corporation 
Electro-Mechanical  Division 
ATTN:  Dr.  R.  D.  Tooley 
500  East  Orangethorpe  Ave 
Anaheim,  CA  92801 


Naval  Weapons  Center 

ATTN:  Code  3173  (Dr.  A.  Shlanta) 

China  Lake,  CA  93555 

Hughes  Helicopters 
ATTN:  Charles  R.  Hill 
Centinela  and  Teale  Streets 
Cul ter  City,  CA  90230 

Commander 

US  Army  Combat  Dev  Evaluation  Command 
ATTN:  ATEC-PL-M  (Gary  Love) 

Fort  Ord,  CA  93941 

SRI  International 
ATTN:  Dr.  Ed  Uthe 
333  Ravenswood  Avenue 
Menlo  Park,  CA  94025 

SP.I  International 
ATTN:  J.  E.  Van  der  Laan 
333  Ravenswood  Avenue 
Menlo  Park,  CA  94025 


Geophysics  Officer 
PMTC  Code  3250 
Pacific  Missile  Test  Center 
Point  Mugu,  CA  93042 

Commander 

Naval  Ocean  Systems  Center 
ATTN:  Code  4473  (Tech  Library) 

San  Diego,  CA  92152 

Commander 

Naval  Ocean  Systems  Center 

ATTN:  Code  532  (Dr.  Juergen  Richter) 

San  Diego,  CA  92152 

General  Electric  -TEMPO 
ATTN:  Dr.  James  Thompson 
816  State  Street 
PO  Drawer  QQ 

Santa  Barbara,  CA  93102 

The  RAND  Corporation 
ATTN:  Ralph  Huschke 
1700  Main  Street 
Santa  Monica,  CA  90406 

National  Center  for  Atmos  Research 
NCAR  Library 
PO  Box  3000 
Boulder,  CO  80307 

Library-R-51-Tech  Reports 
NOAA/ERL 
320  S.  Broadway 
Boulder,  CO  80302 

Wave  Propagation  Laboratory 
NOAA/ERL 

ATTN:  Dr.  Vernon  Derr 
Boulder,  CO  80302 

Particle  Measuring  Systems,  Inc. 

ATTN:  Dr.  Robert  Knoll enberg 
1855  South  57th  Court 
Boulder,  CO  80301 


US  Department  of  Commerce  Department  of  the  Army 

Institute  for  Telecommunication  Sciences  Deputy  Chief  of  Staff  for 


ATTN:  Dr.  H.  J.  Liebe 
Boulder,  CO  80303 

HQDA  (SAUS-OR/Hunter  Woodall) 

Rm  2E614,  Pentagon 
Washington,  DC  20301 

Dr.  Herbert  Fall  in 
0DUSA-0R 

Rm  2E621 ,  Pentagon 
Washington,  DC  20301 

COL  Elbert  Friday 
OUSDR&E 

Rm  3D129,  Pentagon 
Washington,  DC  20301 

Defense  Communications  Agency 
Technical  Library  Center 
Code  205 

Washington,  DC  20305 
Director 

Defense  Nuclear  Agency 
ATTN:  Technical  Library 
Washington,  DC  20305 

Di rector 

Defense  Nuclear  Agency 
ATTN:  RAAE  (MAJ  Ed  Mueller) 
Washington,  DC  20305 

Director 

Defense  Nuclear  Agency 
ATTN:  SPAS  (Mr.  A.T.  Hopkins) 
Washington,  DC  20305 

Defense  Intelligence  Agency 

ATTN:  Scientific  Advisory  Committee 

Washington,  DC  20310 

HQDA  (OAMA-ARZ-D/Dr.  Verderame) 
Washington,  DC  20310 

HQDA  (DAMI-ISP/Mr.  Beck) 

Washington,  DC  20310 


Operations  and  Plans 
ATTN:  DAMO-RQ 
Washington,  DC  20310 

Department  of  the  Army 
Director  of  Tel  communications  and 
Command  and  Control 
ATTN:  DAMO-TCZ 
Washington,  DC  20310 

Department  of  the  Army 
Deputy  Chief  of  Staff  for  Research, 
Development  and  Acquisition 
ATTN:  DAMA-AR 
Washington,  DC  20310 

Department  of  the  Army 

Assistant  Chief  of  Staff  for  Intelligence 

ATTN:  DAMI-TS 

Washington,  DC  20310 

HQDA  (DAEN-RDM/Dr.  de  Percin) 

Forrestal  Building 
Washington,  DC  20314 

Director 

Naval  Research  Laboratory 
ATTN:  Code  5530 
Washington,  DC  20375 

Director 

Naval  Research  Laboratory 
ATTN:  Code  2627 
Washington,  DC  20375 

Director 

Naval  Research  Laboratory 
ATTN:  Code  1409 

(Dr.  J.  M.  MacCallum) 

Washington,  DC  20375 

Director 

Naval  Research  Laboratory 
ATTN:  Code  5567 

(Dr.  James  A.  Dowling) 

Washington,  DC  20375 


Di rector 

Naval  Research  Laboratory 
ATTN:  Code  5567 
(Dr.  Steve  Hanley) 

Washington,  DC  20375 

Di rector 

Naval  Research  Laboratory 
ATTN:  Code  8320 

(Dr.  L.H.  Ruhnke) 
Washington,  DC  20375 

The  Library  of  Congress 
ATTN:  Exchange  &  Gift  Div 
Washington,  DC  20540 
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Head,  Atmos  Rsch  Section 
Div  Atmospheric  Science 
National  Science  Foundation 
1800  G.  Street,  NW 
Washington,  DC  20550 

ADTC/DLODL 

Eglin  AFB,  FL  32542 

Naval  Training  Equipment  Center 
ATTN:  Technical  Library 
Orlando,  FL  32813 

Georgia  Institute  of  Technology 
ATTN:  Dr.  James  Wiltse 
Atlanta,  GA  30332 

Georgia  Institute  of  Technology 
ATTN:  Dr.  Robert  McMillan 
Atlanta,  GA  30332 

Georgia  Institute  of  Technology 
ATTN:  Mr.  James  Gallagher 
Atlanta,  GA  30332 

Commander 

US  Army  Infantry  Center 
Fort  Denning,  GA  31805 

Commander 

US  Amy  Infantry  Center 

ATTN:  AT2B-CD 

Fort  Bennlng,  GA  31805 


US  Army  Signal  School 

ATTN:  ATSN-CD 

Fort  Gordon,  GA  30905 

USAFETAC 

Scott  AFB,  IL  62225 
Commander 

Air  Weather  Service 

ATTN;  DNPP  (LTC  Donald  Hodges) 

Scott  AFB,  IL  62269 

Commander 

US  Army  Combined  Arms  Center 
ATTN:  ATCA-CAA-0  (Kent  Pickett) 
Fort  Leavenworth,  KS  66027 

Commander 

US  Army  Combined  Arms  Center 

ATTN:  ATCA-CS 

Fort  Leavenworth,  KS  66027 

Commander 

US  Army  Combined  Arms  Center 

ATTN:  ATCA-CCC 

Fort  Leavenworth,  KS  66027 

Commander 

US  Army  Combined  Arms  Center 

ATTN:  ATCA-CDC 

Fort  Leavenworth,  KS  66027 

Commander 

US  Army  Combined  Arms  Center 

ATTN:  ATCA-CDE 

Fort  Leavenworth,  KS  66027 

Commander 

US  Army  Combined  Arms  Center 

ATTN:  ATCA-CCM 

Fort  Leavenworth,  KS  66027 

Commander 

US  Army  Armor  Center 
ATTN:  ATZK-AE-TA 

(Dr.  Charles  Leake) 

Fort  Knox,  KY  40121 


Commander 

US  Army  Armor  Center 
ATTN:  ATZK-CD 
Fort  Knox,  KY  40121 

Aerodyne  Research  Inc. 

ATTN:  Dr.  John  Ebersole 
Bedford  Research  Park 
Crosby  Drive 
Bedford,  MA  01730 

Commander 

Air  Force  Geophysical  Laboratory 
ATTN:  OPI  (Dr.  R.A.  McClatchey) 
Hanscom  AFB,  MA  01731 

Commander 

Air  Force  Geophysical  Laboratory 
ATTN:  OPI  (Dr.  R.  Fenn) 

Hanscom  AFB,  MA  01731 

Commander 

US  Army  Ordnance  Center  and  School 
ATTN:  ATSL-CD 

Aberdeen  Proving  Ground,  MD  21005 
Commander 

US  Army  Ordnance  &  Chemical  Center 
and  School 

ATTN:  ATSL-CLC  (Dr.  Thomas  Welch) 
Aberdeen  Proving  Ground,  MD  21005 

Commander 

US  Army  Ballistic  Rsch  Laboratory 
ATTN:  Dr.  Robert  Eichelberge 
Aberdeen  Proving  Ground,  MD  21005 

Commander 

US  Army  Ballistic  Rsch  Laboratory 

ATTN:  Mr.  Alan  Downs 

Aberdeen  Proving  Ground,  MD  21005 

Commander 

US  Army  Ballistic  Rsch  Laboratory 
ATTN:  DRDAR-BLB  (Mr.  Arthur  LaGrange) 
Aberdeen  Proving  Ground,  MD  21005 


Commander 

US  Army  Ballistic  Research  Laboratory 

ATTN:  Mr.  Richard  McGee 

Aberdeen  Proving  Ground,  MD  21005 

Project  Manager 
Smoke/Obscurants 

ATTN:  DRDPM-SMC  (COL  H.  Shelton) 

Aberdeen  Proving  Ground,  MD  21005 

Project  Manager 
Smoke/Obscurants 

ATTN:  DRDPM-SMC  (Dr.  T.  Van  de  Wal  Jr.) 
Aberdeen  Proving  Ground,  MD  21005 

Project  Manager 
Smoke/Obscurants 

ATTN:  DRDPM-SMC  (Mr.  G.  Bowman) 

Aberdeen  Proving  Ground,  MD  21005 

Project  Manager 
Smoke/Obscurants 

ATTN:  DRDPM-SMC  (Mr.  J.  Steedman) 

Aberdeen  Proving  Ground,  MD  21005 

Commander 

US  Army  Test  &  Evaluation  Command 
ATTN:  DRSTE-AD-M  (Mr.  Warren  M.  Bailyl 
Aberdeen  Proving  Ground,  MD  21005 

Director 

US  Army  Material  Systems  Analysis  Activity 
ATTN:  DRXSY-LA  (Mr.  Paul  Frossell) 
Aberdeen  Proving  Ground,  MD  21005 

Director 

US  Army  Material  Systems  Analysis  Activity 
ATTN:  DRXSY-LA  (Mr.  Michael  Starks) 
Aberdeen  Proving  Ground,  MD  21005 

Director 

US  Army  Material  Systems  Analysis  Activity 
ATTN:  DRXSY-LA  (Mr.  William  Smith) 
Aberdeen  Proving  Ground,  MD  21005 

Director 

US  Army  Material  Systems  Analysis  Activity 
ATTN:  DRXSY-LA  (Dr.  Keats  Pullen) 

Aberdeen  Proving  Ground,  MD  21005 
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Commander 

Systems  Analysis  Activity  ERADCOM 


Director 
US  Army  Material 

ATTN:  DRXSY-GI  (Mr.  Sid  Geraud) 

Aberdeen  Proving  Ground,  MD  21005 

Di rector 

US  Army  Armament  R&D  Command 
Chemical  Systems  Laboratory 
ATTN:  DRDAR-CLB-PS  (Dr.  Ed  Stuebing) 
Aberdeen  Proving  Ground,  MD  21010 

Di rector 

US  Army  Armament  R&D  Command 
Chemical  Systems  Laboratory 
ATTN:  DRDAR-CLB-PS  (Mr.  Joseph  Vervier) 
Aberdeen  Proving  Ground,  MD  21010 

Di rector 

US  Army  Armament  R&D  Command 
Chemical  Systems  Laboratory 
ATTN:  DRDAR-CLY-A  (Mr.  Ron  Pennsyle) 
Aberdeen  Proving  Ground,  MD  21010 

Commander 

Harry  Diamond  Laboratories 
ATTN:  Dr.  William  Carter 
2800  Powder  Mill  Road 
Adel  phi,  MD  20783 

Commander 

Harry  Diamond  Laboratories 

ATTN:  DELHD-RAC  (Dr.  R.G.  Humphrey) 

2800  Powder  Mill  Road 
Adel  phi,  MD  20783 

Commander 

Harry  Diamond  Laboratories 
ATTN:  Dr.  Ed  Brown 
2800  Powder  Mill  Road 
Adel  phi,  MD  20783 

Commander 

Harry  Diamond  Laboratories 
ATTN:  Dr.  Stan  Kulpa 
2800  Powder  Mill  Road 
Adel  phi ,  MD  20783 


ATTN:  DRDEL-AP 
2800  Powder  Mill  Road 
Adel  phi,  MD  20783 
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Commander 

ERADCOM 

ATTN:  DRDEL-CG/DRDEL-DC/DRDEL-CS 
2800  Powder  Mi  1 1  Road 
Adel  phi,  MD  20783 

Commander 

ERADCOM 

ATTN:  DRDEL-CT 
2800  Powder  Mill  Road 
Adel  phi  ,  MD  20783 

Commander 

ERADCOM 

ATTN:  DRDEL-EA 
2800  Powder  Mill  Road 
Adel  phi,  MD  20783 

Commander 

ERADCOM 

ATTN:  DRDEL-PA/DRDEL-ILS/DRDEL-E 
2800  Powder  Mill  Road 
Adel  phi,  MD  20783 

Commander 

ERADCOM 

ATTN:  DRDEL-PAO  (S.  Kimmel ) 

2800  Powder  Mill  Road 
Adel  phi,  MD  20783 

Commander 

ERADCOM 

ATTN:  DRDEL-PAO  (Paul  Case) 

2800  Powder  Mill  Road 
Adel  phi,  MD  20783 

Commander 
HQ,  AFSC/DLCAA 
ATTN:  LTC  Glen  Warner 
Andrews  AFB,  MD  20334 

AFS£  '' 

ATTN:  WER  (Mr.  Richard  F*  Picanso) 
Andrews  AFB,  MD  20334 


Commander 

Concepts  Analysis  Agency 
ATTN:  MOCA- SMC  (Hal  E.  Hock) 

3120  Woodmont  Ave 
Bethesda,  MO  20014 

Martin  Marietta  Laboratories 
ATTN:  Jar  Mo  Chen 
1450  South  Rolling  Road 
Baltimore,  MD  21227 

Commander 

US  Army  Intelligence  Agency 
Fort  George  G.  Meade,  MD  20755 

Di rector 

National  Security  Agency 

ATTN:  R52/Woods 

Fort  George  G.  Meade,  MD  20755 

Chief 

Intelligence  Materiel  Dev  &  Support  Ofc 
ATTN;  DELEW- WL- I 
Bldg  4554 

Fort  George  G.  Meade,  MD  20755 

Acquisitions  Section,  IRDB-D823 
Library  &  Info  Service  Div,  N0AA 
6009  Executive  Blvd 
Rockville,  MD  20852 

Naval  Surface  Weapons  Center 
ATTN:  Code  WR42  (Dr.  Barry  Katz) 

White  Oak  Library 
Silver  Spring,  MD  20910 

The  Environmental  Research 
Institute  of  MI 
ATTN:  IRIA  Library 
PO  Box  8618 
Ann  Arbor,  MI  48107 

Science  Applications  Inc. 

ATTN:  Dr.  Robert  E.  Meredith 
15  Research  Drive 
PO  Box  7329 
Ann  Arbor,  MI  48107 

Science  Applications  Inc. 

ATTN:  Dr.  Robert  E.  Turner 
15  Research  Drive 

po  box  rm  ^  -.-■■■ 


Commander 

US  Army  Tank-Automati ve  R&D  Command 
Warren,  MI  48090 

Dr.  A.  D.  Belmont 
Research  Division 
PO  Box  1249 
Control  Data  Corp 
Minneapolis,  MN  55440 

Commander 

US  Army  Aviation  Systems  Command 
St.  Louis,  MO  63166 

Director 

Naval  Oceanography  &  Meteorology 

NSTL  Station 

Bay  St  Louis,  MS  39529 

Director 

US  Army  Engr  Waterways  Experiment  Sta 
ATTN:  Library 
PO  Box  631 

Vicksburg,  MS  39180 
Director 

US  Army  Engr  Waterways  Experiment  Sta 
ATTN:  WESFT  (Dr.  Bob  Penn) 

PO  Box  631 

Vicksburg,  MS  39180 
Director 

US  Army  Engr  Waterways  Experiment  Sta 
ATTN:  WESFT  (Mr.  Jerry  Lundien) 

PO  Box  631 

Vicksburg,  MS  39180 

US  Army  Research  Office 
ATTN:  DRXRO-PP 
PO  Box  12211 

Research  Triangle  Park,  NC  27709 

US  Army  Research  Office 

ATTN:  DRXRO-GS  (Dr.  Arthur  V.  Dodd) 

PO  Box  12211 

Research  Triangle  Park,  NC  27709 
Commander 

US  Army  Cold  Regions  Rsch  &  Engr  Lab 
ATTN:  Mr.  Roger  Berger 
Hanover,  NH  03755 


Commander 

US  Army  Cold  Regions  Rsch  &  Engr  Lab 
ATTN:  Mr.  George  Aitken 
Har.over,  NH  03755 

Commander 

US  Army  Cold  Regions  Rsch  &  Engr  Lab 
ATTN:  CRREL-RD  (Dr.  K.F.  Sterrett) 
Hanover,  NH  03755 

Commander 

US  Army  Armament  R&D  Command 
ATTN:  DRDAR-TSS  (Bldg  59) 

Dover,  NJ  07801 

Commander 

US  Army  Armament  R&D  Command 
ATTN:  DRDAR-AC  (J.  Greenfield) 
Dover,  NJ  07801 

Project  Manager 

Cannon  Artillery  Weapons  Systems 
ATTN:  DRCPM-CAWS 
Dover,  NJ  07801 

Project  Manager 

Cannon  Artillery  Weapons  Systems 
AiTN:  DRCPM-CAWS-GP  (G.H.  Waldron) 
Dover,  NJ  07801 

Commander 

HQ,  US  Army  Avionics  R&D  Activity 

ATTN:  DAVAA-0 

Fort  Monmouth,  NJ  07703 

Commander/Di  rector 

US  Army  Combat  Surveillance  &  Target 
Acquisition  Laboratory 
ATTN:  DELCS-D 
Fort  Monmouth,  NJ  07703 

Director 

US  Army  Electronics  Technology  & 
Devices  Laboratory 
ATTN:  DELET-D 
Fort  Monmouth,  NJ  07703 

Commander 

US  Army  Electronic  Warfare  Laboratory 
ATTN:  DELEW-D  (Mr.  George  Haber) 

Fort  Monmouth,  NJ  07703 


Commander 

US  Army  Night  Vision  & 

Electro-Optics  Laboratory 
ATTN:  DELNV-L  (Dr.  Rudolf  Buser) 
Fort  Monmouth,  NJ  07703 

Commander 

US  Army  Night  Vision  & 

Electro-Optics  Laboratory 
ATTN:  DELNV-L  (Dr.  Robert  Rodhe) 
Fort  Monmouth,  NJ  07703 

Commander 

ERADCOM  Technical  Support  Activity 

ATTN:  DELSD-L 

Fort  Monmouth,  NJ  07703 

Project  Manager,  FIREFINDER 

ATTN:  DRCPM-FF 

Fort  Monmouth,  NJ  07703 

Project  Manager,  REMBASS 

ATTN:  DRCPM-RBS 

Fort  Monmouth,  NJ  07703 

Commander 

US  Army  Satellite  Comm  Agency 

ATTN:  DRCPM-SC-3 

Fort  Monmouth,  NJ  07703 

Commander 

ERADCOM  Scientific  Advisor 

ATTN:  DRDEL-SA 

Fort  Monmouth,  NJ  07703 

Project  Manager 

Army  Tactical  Data  Systems 

ATTN:  DRCPM-TDS 

Fort  Monmouth,  NJ  07703 

6585  TG/WE 

Holloman  AFB,  NM  88330 
AFWL/WE 

Klrtland,  AFB,  NM  87117 

AFWL/Technfcal  Library  (SOL) 
Klrtland  AFB,  NM  S7117 


Commander  Rome  Air  Development  Center 

US  Army  Test  &  Evaluation  Command  ATTN:  Documents  Library 

ATTN:  STEWS-AD-L  TSLD  (Bette  Smith) 

White  Sands  Missile  Range,  NM  88002  Griffiss  AFB,  NY  13441 


Chief 

US  Army  Electronics  R&D  Command 
Office  of  Missile  Electronic  Warfare 
ATTN:  DELEW-M-STE  (Dr.  Steven  Kovel) 
White  Sands  Missile  Range,  NM  88002 

US  Army  Office  of  the  Test  Director 
Joint  Services  EO  GW  CM  Test  Program 
ATTN:  DRXDE-TD  (Mr.  Weldon  Findley) 
White  Sands  Missile  Range,  NM  88002 

Commander 

TRASANA 

ATTN:  ATAA-D  (Dr.  Wilbur  Payne) 

White  Sands  Missile  Range,  NM  88002 

Commander 

TRASANA 

ATTN:  ATAA-TDB  (Louis  Dominquez) 
White  Sands  Missile  Range,  NM  88002 

Commander 

TRASANA 

ATTN:  ATAA-PL  (Dolores  Anguiano) 
White  Sands  Missile  Range,  NM  88002 

Commander 

TRASANA 

ATTN:  ATAA-TOP  (Roger  Willis) 

White  Sands  Missile  Range,  NM  88002 

Commander 

TRASANA 

ATTN:  ATAA-TGC  (Dr.  Alfonso  Diaz) 
White  Sands  Missile  Range,  NM  88002 

Commander 

TRASANA 

ATTN:  ATAA-TGA  (Mr.  Edward  Henry) 
White  Sands  Missile  Range,  NM  88002 

Grumman  Aerospace  Corporation 
Research  Oept  ♦,  ws  AflS-,35 
ATTN:  John  E.A.  Salty  " 

Bethpage,  NY  11714 


Commander 

US  Army  Tropic  Test  Center 
ATTN:  STETC-TD  (Info  Center) 

APO  New  York  09827 

Commander 

US  Army  R&D  Coordinator 
US  Embassy,  Bonn,  Box  165 
APO  New  York  09080 

HQ 

USAREUR  &  Seventh  Army 
APO  New  York,  NY  09403 

Air  Force  Avionics  Laboratory 
ATTN:  AFAL/RWI-3  (Cpt  James  Pryce) 
Wright-Patterson  AFB,  OH  45433 

Air  Force  Air  Systems  Laboratory 
ATTN:  AFAL/RWI-e  (Dr.  George  Mavko) 
Wright-Patterson  AFB,  OH  45433 

Commandant 

US  Army  Field  Artillery  School 
ATTN:  ATSF-CD-R  (Mr.  Farmer) 

Fort  Sill,  OK  73503 

Commandant 

US  Army  Field  Artillery  School 
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